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Bending moment on shell  (in-lb/in. ) 
Membrane stress resultant  (lb/in. ) 
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AUTOMATED SHELL THEORY FOR ROTATING 
,' STRUCTURES  (ASTROS) 
SUMMARY 
The ASTROS (Automated  Shell  Theory  for  Rotating  Structures)  pro- 
gram is a  digital  computer  progrzm  that  can  analyze any diik  or  shell of 
revolution of arbitrary  cross section  under  inertial  loads  caused by rotation 
about the shell axis  and  various  static  loads, including thermal  gradients.  The 
program output is the  elastic stresses and deformations  caused by the  inertial 
and  static  loadings.  This  report  contains  all  the  information  necessary  for 
the  application of this  program. 
INTRODUCTION 
This  program was developed because of a need for  an  easy-to-use and 
accurate  computer  program  that is oriented  directly  toward  solving  for  the 
stresses and  deformations in  rotating  disks  and  shells of revolution  such a s  
those  encountered  in  rocket  engine  turbomachinery.  Several  programs a re  
already  available  for  determining  the  stresses and deformations of rotating 
structures, but these a re  limited  to  disks and a r e  based on the  finite  difference 
method. In  using  the  finite  difference method, the user  must divide  the 
structure  into  very  small  segments and determine  values  for  each  segment  for 
use  in  the  program. In the  analysis of almost  all  geometric  shapes,  the input 
values -must be approximated,  especially  for a variable-thickness  structure; 
therefore,  the  results can be made  more  accurate only by dividing  the  structure 
into  more and smaller  segments  for  closer  approximations.  Thus, it was 
desirable  to develop  a program  that could handle larger  segments in the  com- 
puter  model  to  minimize  the  amount of input to the program and would have a 
larger  program  capability  and  more  accurate results. 
It was  determined  that  the STARS I1 (Shell  Theory  Automated  for 
- Rotational Structures 11) Computer  ProgramdevelFped  bythe  Grumman Ai r -  
craft  Engineering  Corporation [I, 2,3] already  incorporated  most of the 
necessary  theory  and  programming  for analyzing  rotating  structures,  using  a 
numerical integration approach. However, the STARS I1 Computer  Program, 
although it can be used, was not directly  oriented  toward  analyzing  rotating 
structures,  and a considerable  amount of hand calculations  to  determine 
the  inertial  loads  caused by rotation would  have to  be performed  before  inputting 
the  data.  Thus, by making  modifications to  the  basic STARS 11 program  and 
incorporating  additional  programming so that  the  inertial  loads  could  be cal- 
culated internally and converted into static-load components, the ASTROS , 
Computer  Program  was  developed  for  rotating  structures. Much of the  infor- - 
mation  in  the STARS II users'  manual [ 21 is repeated  in  this  report  for 
completeness. 
. .  
. .  
The ASTROS program  has  the  capability of analyzing any disk or shell 
of revolution of arbitrary  cross  section  under  inertial  loads  caused by rotation 
and  various  static  loads,  including  thermal  gradients.  The  geometric  shapes 
incorporated  in  the  program are ellipsoidal,  spherical,  ogival,  toroidal, 
conical, circular plate, cylindrical, and parabolic. 
Four  classifications of information a re  used as program input: 
I. Geometry Data. The geometric description of each segment of the 
disk or shell of revolution. 
2. Material Data. Thickness and material properties of the segment. 
3. Topology Data. The manner in which all the segments are inter- 
connected to  form a structure. 
4. Load Data. Temperature and loading data, both concentrated and 
distributed,  and  angular  velocity. 
The  purpose of the  program, a s  stated  earlier, was to  present an 
easy-to-use and accurate method  for  solving the stresses and  deformations 
in  rotating  disks  and  shells of revolution.  The  program should not replace 
the engineer with a  computer but instead should allow the  computer  to  become 
the  engineer's  tool. 
PROGRAM CAPAB lL lTY 
The  use of an  accurate  shell  theory  to analyze  rotating  disks  and  shell 
structures involves  complex mathematics and numerical techniques, which 
are  nearly  impossible  to  treat without the  aid of automated  procedures. On 
this  basis, ASTROS was developed  using the  basic STARS I1 Computer Pro- 
gram [ I, 2,3]  , which is based upon the  Love-Reissner  first-order  shell  theory. 
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: The  program  can  analyze  isotropic  or  orthotropic  stiffened  disks  and  shells of
revolution,  subjected to  symmetric  distributed loading or  concentrated  line 
loads, as well as thermal  strains.  Furthermore, a disk  or  shell with arbitrary 
boundary  conditions,  under  loads which vary  arbitrarily with  position and 









The  rotating  structure  can  consist of any of the following geometric 
Ellipsoidal - spherical 
ogival - toroidal 
Modified ellipsoidal  shape 
Conical - circular  plate  (disk) 
Cylindrical 
Parabolic 
The  rotating  structure  cross  section  can be a sheet, sandwich, or  
reinforced  sheet  or sandwich. The  reinforcement  can  consist of rings  and/or 
stringers  or a  waffle construction  rotated 45 deg  to  the  principal  c0ordinate.s. 
The  reinforcement  material  properties can also  differ  from  those of the  main 
she 11. 
The  basic  approach  to  the  problem [I] is to  cut  the  structure  into 
several regions.  These  regions need to  be  singly  connected  and  can  have only 
line  loads  applied at their  end points. There  are no restrictions on geometry 
o r  on uniform or  thermal  loads.  The  regions  are  further subdivided into 
several  segments,  each being free  to have its own geometric  shape, provided 
that  the  shape falls into one of the categories  just mentioned. 
Stiffness matrices obtained for  each  segment  are coupled  by  standard 
matrix  methods  to obtain  region stiffnesses, which, after being  reduced in 
size, are in  turn coupled to  form  the  total  structure  under  analysis.  The 
program  can handle a structure  composed of up to 24 segments  in  each of 19 
regions  arbitrarily connected to  each  other.  There is a limitation on the  size 
of a shelk segment, which is a consequence of the  demand  that  boundary  dis- 
turbances be felt  throughout  the  segment.  This  limitation is mathematically 
described as a length parameter  in  the next section, Input Information,  under 
the heading, Calculation of Segment Length. This parameter, however, is not 
reliable near the apex of any  shell  shape ( @ = 0), and  the  segments  needed in 
this region are actually  much  smaller  than  predicted  by the parameter. A 
3 
mathematical  singularity  occurs at the  apex  where ro (the  radius of revolution) 
becomes  zero. It is this  singularity which prevents  the  length  parameter  from 
being meaningful near  the  apex.  Furthermore,  the point ( @  = 0) is not an 
acceptable input  point of the  program, although  any  point outside a circle of 
infinitesimal  radius is satisfactory. 
There is considerable  latitude in what can be done within each  segment. 
The  thickness of any segment  can be symmetrically  tapered,  and it can contain 
up t o  14 points of discontinuity,  provided that the  segment  centerline  remains 
continuous  and describable by a single  geometry. A temperature  distribution 
through the thickness  can be  specified  at  three  points in a  homogeneous  shell 
and  four  points in a shell of rigid  core sandwich construction.  The  distribution 
is considered  to be linear between these points. Thus, it is possible  to 
approximate  temperature  distributions  other than linear  distributions.  In  the 
event of physically  discontinuous  centerlines,  a  kinematic  link is available  for 
use in the  analysis.  The  link  relates  displacements  across  the  discontinuity. 
This link may be used between  regions  and  between  segments within  a region. 
The  program is also  capable of a  nonlinear  analysis.  The  analysis of 
this  large  deformation  case is accomplished by use of iteration. Details of the 
nonlinear  theory involved are  presented in References 1 and 4, and  the  program 
utilization of this option is described in  detail in  the next section of this  report, 
titled Input Information. 
The output of the  program is the  amplitude of the  displacements, stress 
resultants,  and stresses a t  the inside  and  outside  surfaces as a function of the 
radial coordinate, ro. This output is printed out for  each  segment of the 
sh'ell at  intervals  specified by the  user of the  program. 
INPUT INFORMATION 
The  preceding  section  provides  some  insight  into  the  capability of the 
ASTROS program and the  potential it might have for  future  use. If the 
program is applied  judiciously it can be an  extremely powerful tool.  The 
mechanics of applying it should be clearly understood. With this  in  mind,  the 
remaining  sections  should be studied  carefully. 
The  required input data  may be subdivided into  three  main  parts: 
geometric, topological ( o r  coupling  orientation) , and  joint  data  (degree-of- 
freedom  description  for  each  joint  component) . Each  segment  requires its 
own geometric configuration  and  numerical  integration'  control. 
4 
The output consists of stiffness  coefficients  for  each  segment, and the 
actual symmetry  of:the  coefficients is presented  in a convenient form  for a 
check on the  accuracy of the  integration  through  the s epen t .  Region stiff- 
nesses  and  their  symmetry  checks are also provided. Final stresses,  dis- 
placements,  and Huber-Von  Mises-Hencky  "effective stresses1' a re  printed 
out for  each  segment  at  intervals  along the segment a s  specified  by  the  user 
of the  program.  The output will be further  discussed in the next section, 
Output Information. 
... . , , .' , . .  . . 
: The full program capacity is described a s  follows. 
Segments' 
Segment  joints 
Regions . 
Region  joints 
. .  
Number of points  available 
per segment  for  specifying 
geometric  or  load  data 
Number of points  available 
through  the  thickness  for 
specifying  temperature data 
Geometries 
Wall cross-section options 
Number of material  property 
tables  per  submission 
Number of points per material 







ellipsoid, sphere, translated ellipsoid, modi- 
fied ellipsoid, ogive, toroid, cone, annular 
plate, cylinder, and second-order parabola. 
single  sheet,  equal  face sheet sandwich, 
unequal face sheet sandwich, eccentric rein- 
forcement  (rings,  stringers or both) , waffle 






Number of consecutive  load 
conditions  per  submission 5 (except  hermal or  nonlinear = I) 
Orthotropy  options isotropic or  orthotropic  sheet,  isotropic or 
orthotropic  sandwich,  isotropic or orthotropic 
sheet  or sandwich  reinforced  by  different 
property  rings or different  property  stringers 
or  both, isotropic or orthotropic  sheet or 
sandwich  reinforced  by a different  property 
waffle system  rotated 45 deg to coordinate 
axes, other  combinations  obtained  by rede- 
fining  stiffness  parameter  formulas (see 
the  subsection,  Reinforced  Shell  Stiffness 
Formulas,  in  this  section;  also  Reference I.) 
Figure I shows  the  detailed option flow chart  for  the  program. 
General Notes 
Before  discussing  the  specific input order, it would be  advantageous 
to  introduce  some  general  guidelines  in  the  area of idealizations  and topology. 
In  many  computer  programs  there is such  an abundance of numerical  com- 
putations  that  minimizing  numerical roundoff errors  becomes-as  important 
as getting  the  final  answers.  In  some  cases  the  engineer  can  aid  the  program 
in  this  effort by using  judicious  idealizations. Such a possibility exists in  the 
ASTROS program,  since  many  internal  operations are involved  with  building 
and inverting  stiffness  matrices.  The object of the  user,  therefore, should be 
to  help  the  computer by avoiding  the  creation of ill-conditioned matrices at 
any step [ 51. Physically,  the way to achieve  this  end is to  have all the  segment 
stiffness  matrices of the  same  order of magnitude. This  will,  in  turn,  pro- 
duce  region  ,stiffness  matrices  that are of similar  orders of magnitude  and 
minimize  possible  ill-conditioning  in  the  total  structure  matrices.  The user 
can  help  to  achieve  this  end by sizing  his  segments  in  such a way that no short, 
stiff segment is contained  alone  in a region with all  other long, flexible 
segments, or that no region  comprised of all short, stiff segments exists in a 
structure whose other regions contain only long, flexible segments. No 
accurate  measure  can be  given on the  relative  stiffness or flexibility of 
segments  allowed,  and  thus  the best check is to see if a structure is in 
equilibrium  under  the  applied  loading.  The  symmetry  checks of segment  and 
region  stiffness  matrices are useful  for  many  reasons but will not necessarily 
alert a user  to ill-conditioning. 
6 
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BICKCORRECT 
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2. MAQlC CONTROL 









r 1 I I I I 
CONE EQUATIONS 
BELOW 0 VARIABLE 
EOUATIONS 
GET MATERIAL GETMATERIAL GET MATERIAL 
TABLELOCATED TABLE LOCATEO TABLE LOCATED 
THICKNESS - * - 
UNEOUAL  EOUAL SINGLE STIFFNESS TO 
A 1 R M - U  
SIZE GEOMETRY TABLE SIZE GEOMETRY TABLE SIZE GEWETRY TABLE 
00 TO UNEOUAL FACE SH. 
A T R O m - 3  
GO TO  EOUAL FACE SH. GO TO SINGLE SHEET 
SANDWICH EQUATIONS EOUATIONS 
SIZE GEOMETRY TABLE 
AT ROW5 - 11 
GO TO ECCENTRIC 
REINFORCED EOUATIONS 
ATRO"2 





SIZE GEOMETRY TABLE 
GO TO ROTATED WAFFLE 
EOUATIONS 
I ACCORDING TO SIZING A W V E  FILL  GEWETRV TABLES I 
-A LOA0 CASE CLUES 
THERMAL 
.I SIZE TEMPERATURE READING 
bl GET MATERIAL PROPERTIES 
4 00 NOT COMPUTE N,, MT 
AS FUNCTION OF  TEMP. 
AS 1 VALUE PER POINT 
4 TOPOLOGY OF ALLSEGMENTS 
IN A REGION I 
I 
I TOREGION KINEMATIC  LINKS  INTERNAL I 
r+T=l REGION TOMLOGY 
1 -  REGION BOUNDARY CONDITIONS 
I I KINEMATIC  LINKS 
ALL OTHER REGIONS 
REPEAT DATA FOR 
ALL SEGMENTS I N  REGION 
REPEAT A W V E  DATA FOR 
Figure I. Program option flow chart. 
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In the use of regions, one other type of accident must be avoided. Ii, . , 
for  instance, a structure  were  idealized  using.only one region and  having both 
ends fixed,  the  problem could not be solved. This is because  the  program 
could not form a suitable  boundary  condition  matrix  for  the  structwe.  Thus, 
in  the  use of region  idealizations, which are less physically  meaningful to  a 
user than  pure  segment  idealizations, care should be  taken so that all boundary 
conditions a r e  not zeroed out. 
Order of Input (See Figs. 1 and 2) 
The  order of the input data to  the ASTROS program is outlined on the 
following pages. 
GENERAL INTRODUCTORY  C,ARDS Column .Format 
1. Title  Card 
a. Alphameric title (submission  description) 1-64 l6A4 
2. Program Control Card 
a. Number of regions  to be coupled  (Max. = 19) 1-2 I2 
b. Total number of segments (Max. = 19 x 24 
= 456) 3 -5 I3 
c. Number of Material Property Tables 
(Max. = I O )  6 -7 I2 
d.  Harmonic  value 14-16 F3. I 
This value must be set equal to  zero (0.  ) such 
that  the  loads will form  an  axisymmetric 
loading on the  structure. 
e. Number of problems  in th s  sub ission 17-1 8 I2 
The  user is able,  in one submission,  to  analyze 
his  structure under several independent  loading 
conditions (max. = 5) . The number of these 
loading  conditions will determine  the  number of 
load  clue  cards which will be  necessary pe r  
segment. If there is a thermal  load  or if the 
run is to be nonlinear,  this  number  can only  be 
unity ( 1) . 
8 
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I l l 1  I I l l  I I 1  
GENERAL INTRODUCTORY CARDS (Concluded) 
f .  Coupling code 
( I) Coupling to  occur, code = I 
( 2) No coupling,  code = '0  ( o r  blank) 
If no  coupling occurs,  the  program will give  only 
individual  stiffness  matrix of each  segment; if 
coupling occurs,  the  program will run  to  comple- 
tion and  give state of stress and  deformation of 
the  entire  structure.  Items 10 through 14 of 
the  segment  cards  and  the  boundary condition 
cards of the  regions are not included in an un- 
coupled run. In addition, the number of regions 
is one ( I )  , and the  total  number of segments  and 
the  number of segments on the first region 
identification card  must be the  same. Also, the 
region  introductory  card  (topology) i s  not in- 
cluded. Uncoupled runs  present a way to  size 
segments by use of stiffness  symmetry  checks, 
without a ful l  execution of the  problem. 
Column Format 
19 I i  
MATERIAL PROPERTY TABLES (max. = 10 sets) 
A s  many sets of these  cards are used ( 5  10) as   there  
a re  different  material  property  segments  in  the  structure 
to  be analyzed.  These  tables will be used to  obtain  the 
thermal  variation of material  properties if thermal load- 
ings  exist.  Thus, the range of temperatures  in  this  table 
should be greater  than  that of the  thermal  loads. If no 
thermal  loads  exist,  the  values given in the first column 
of this  table will be used, and the res t  of the  table  can 
be left blank. If there are  thermal  loads,  the  range of 
the  table is to be considered a s  that  between  the  second 
and tenth  columns with the  temperature  values  varying 
in  ascending  order. 
I .  Identification Card 
a.  Material title ( alphameric) 1-4 A4 
Any name  can be made up as long a s  it is con- 
sistently  used on the  segment  cards  to which it 
refers. The  same  name cannot appear on more 
than one ( I )  table. 
I 
10 
MATERIAL PROPERTY TABLES (max. = 10 sets) (Cont.) Column Format 
b. Type of table 11-14 A4 
One of several  possible  alphameric  clues is 
written  here.  These  clues  serve  to size the 
number of cards in  the  property  table  and  de- 
fine  which properties belong  on which card.  The 




Their  definitions are provided  in  item 2 below. 
2. Material Property Cards. The Material Property 
Cards are given  below,,  depending upon which 
table  type  clue is used. If the  table  type  clue is 
"ISOT" (isotropic  table) : 
a.  Temperature  values ( 5  values  per  card; 2 cards). 
These are the  temperatures  at which the  values of 
material  properties will be given. The  first value 
in  the  table  must  always be the room-  or stress- 
free  temperature,  since  the  material  properties 
in only the first column of the  table will be used 
in an  analysis involving  no thermal load. 
b. Values of Young's modulus at the given temper- 
atures. ( 5  values  per  card; 2 cards) 
c.  Values of Poisson's  ratio  at the given temper- 
atures. ( 5  values  per  card; 2 cards) 
d. Values of the  thermal  coefficient of expansion at 
the given temperatures. ( 5  values per  card; 
2 cards) 
If the  table  type  clue is "ORTH'' (orthotropic  table) : 
a. Temperature  values ( 5 values per card; 2 cards) . 
These  are the' temperatures at which the  values of 
material  properties will be  given. 
b. Values of Young's modulus in the 8 direction (E ) 
at the given temperatures. 








MATERIAL PROPERTY TABLES (max. = 1.0 sets) (Cont. ) Column Format 
c. Values of Young's modulus in the @ direction 
.'! " .'(E@) 
at the given temperatures. 
( 5 values per card;  2  cards) 
d. Values of the Poisson's ratio, v 
e @  , at the given 
temperatures. 
( 5  values  per  card; 2 cards) 
e. Values of the  thermal coefficient of expansion  in 
the 8 direction (a ) at the given temperatures. 
( 5  values per  card;  2  cards) 
0 
f. Values of the  thermal coefficient of expansion in 
the @ direction (a! ) at  the given temperatures. 
( 5 values per card; 2 cards) 
@ . ; :  
g. Values of the shear modulus, G @ o ,  at the given 
temperatures. 
( 5 values per card; 2 cards) 
If the  table  type is "STIF" (table  to be used for  reinforced 
shells) : 
a-g.  The  values in these  locations  are  the  same a s  
those above for  the "ORTH" clue  case and refer 
to the basic  shell. 
h. Values of ring Young's modulus (E  ) at the given R 
temperatures. 
( 5 values per  card; 2 cards) 
i. Values of stringer Young's modulus ( E ) at S 
the given temperatures. 










MATERIAL PROPERTY TABLES (max. = 10 sets) (Concl.) Column 
j .  Values of ring  thermal coefficient of expansion 
(cy ) . at the  given  temperatures. 
( 5 values per card; 2 cards) 
R -  
k. Values of stringer  thermal coefficient of ex- 
, -pansion ( Q! ) at  the given temperatures. 
S 
( 5  values  per  card; 2 cards) 
Note: In a rotated waffle construction, items H and 
I and J and K, are respectively identical. 
REGION  INTRODUCTORY CARDS 
These..two cards   a re  placed at the beginning of each 
region  data  information.  Each  region  contains  the  fol- 
lowing data set (Fig. 2) : (I) two region introductory 
cards,  (2)  data cards  for  each  segment within the  region, 
and (3) kinematic  link cards  describing  the kinematic 
links within the  region, i f  any. 
I. Identification Card 
a. Number of segments within the  region (5 24) 
b. Number of kinematic links between segments 
within the  region. 
c. Any alphameric information (region description) 
2. Topology Card (Coupling Orientation) 
a. Region number 
Number of the  region  under  consideration. 
b. ,Joint (i) 
Joint associated with ith (beginning) end of the 
region  (TIC). 
c. Joint ( j) 
Joint  associated with jth (ending) end of the 




















REGION  INTRODUCTORY  CARDS (Concluded) 
There is no coordinate flow in regions,  such a s  that 
shown for  the  segments  in Figures 3 through 10. How- 
ever, the  start joint of a region  must  match with l in 
segment  numbering,  and  the  end  joint  must  match  with 
the  highest  segment joint number  in  the  region 
(Fig. 11) .  
Column Format 
Figure 3. Typical shell segment. 
SEGMENT CARDS 
This sequence of cards is repeated for each  segment 
within the  region. 
14 
. .  
i 





SPECIFY a, and c = 0 
ai / 
IN i. 





SPECIFY a, p =  1 
or use ogive with 
r = a , C =  0 
1 
TRANSLATED ELLIPSOID 
-. SPECIFY a, P V a  AND C PO . 
b 
c' 
"" - - 
" * C  - 
I 
Figure 4. Ellipsoid. Figure 5. Translated ellipsoid. 
+ Z  
+ Z  I i 




SPECIFY rl , C >  0. 
TORUS 
r, , C < 0. 
r , C < O .  
1 
Figure 6. Modified ellipsoid.  Figure 7. Ogive. 
+ z  . .  
+.= 
PARABOLA z = f, t f 2.r t f 3  r 2 




SPECIFY e? 0 
INVERTED CUNE 
SPECIFY 0 
Figure 8.  Paraboloid. Figure 9. Cone. 
IN 






NUMBERING OF SEGMENTS WITHIN REGIONS \ 
Figure 11. Topology schemes. 
SEGMENT CARDS (Continued) Column Format 
I. Identification Card 
a. Segment identification code 
'~ 
1-2 F2.0 
, ( i) Ellipsoidal, translated ellipsoidal, or 
spherical segment, c&= I1  
. ( 2) Modified ellipsoidal segment, code =' 12 
( 3) Ogival -I toroidal  segment,  code = 13 
19 
SEGMENT  CARDS (Continued) Column Format 
( 4) Paraboloid  segment, 
( 5) Conical - circular plate  segment, 
The  plate is treated as a cone with 
zero angle. 
( 6) Cylindrical segment, 
code = 14 
code = 21 
code = 31 
b. Any alphamepic information (segment description) 






f .  
Initial value of @ in radians or s in inches 
(TIC) 
Final value of @ in radians or s in inches 
(STOP) 
Interval at which final  answers  are  printed out 
(DTAU) 
The  @-coordinate is defined for  all  geometric 
shapes  except  the  cylinder,  cone,  and plate, 
for which the s coordinate is used. Figures 
3 through  10  describe  these  coordinates  for 
each s h a h .  
Difference 
The  value  recommended  depends upon the  com- 
puter  used.  For  the IBM 7094 it is I. 0 E-6; 
for  the IBM  360-75 and  the UNIVAC 1-108 it is I. 0 
E -4. 
Integration  interval 
Recommended  interval = 0. OF x segment  length 
Delta 
For a fixed-step integration, delta = 0. This  card 
controls  the Runge-Kutta numerical  integration 
scheme. The suggested values above yield 





















Calculation of Segment Length 
There is a restriction on the length of the  shell  segments.  Physically, 
the  re-striction  demands  that  boundary  distrubances at one edge  be  distinctly 
felt at the  other  edge.  This is a  consequence of using  a matrix  approach which 
requires. the  calculation of stiffness  matrices  for  the  segments. Since the 
must be such  that a computer roundoff e r r o r  never  becomes  prominent. 
Limiting  the  segment length insures  satisfaction of this criterion.  This length 
is a  function of both geometric  shape and segment  location within a specific 
geometry. One of the  limiting  factors is that  the  ratio of the  radii of revolu- 
tion at the  initial and final  points of a  segment be greater than  one-hundredth 
and less than one hundred. This  requires  smaller  segments  than will  normally 
be predicted by formula  in the area of an apex. In addition, note that C#I = 0 
is not an  acceptable input point. 
. stiffness  matrices  must be symmetric, the magnitude of each  matrix  element 
For a  cylinder,  the  segment length parameter, 
1 
A = ( i  + -y)'p As 9 
should be held to about 4.0. In this  expression, y is a nonlinear parameter. 
For homogeneous shells 
It is zero  for a linear  problem. 
The  rate of decay of a  disturbance  in  the  shell is measured by p . 
The meridional length is As. 
The  values of p4 and A s  for  various  shell  geometries are given below: 
( h , + h 0 ) ' + 1 ~ h 1 h ~ ( h 1 + ~ ~ + t ~ ( ~ )  3(1 - Y' h + h o  ' 
For Y =  0 . 3 ,  A s  4 
bs 3 . l l ( r m *  
( l + d  
AS C 3.11 [I':(4h' + 6bt + 3t') a 1 




Approximate  formulas  can be obtained for  near-cylindrical  regions of generally 
curved surfaces. The length parameter, 
1 
A = ( i + y ) " h  A@ , 
should be held to  about 4.0. In this  expression y has  the  same  definition a s  
in the  cylinder  case. 
The  rate of decay of a  disturbance in the  shell is measured by A. The 
angle intercepted by a meridional arc length A s  is A+ = As/ r i  . The values 
of A4 and A s  for various shell geometries are given below: 
Homogeneous Construction A'= 3(  1 - u2) -& 
rz H 
Sandwich Construction - 
Equal Face  Sheets 
x' = 3(1 - v2)r" 
rZZ( 4 h z  + 6ht + 3tZ) 
For Y = 0.3, A d 4: 
A~ 3. ii(rzH)' 
1 
L 
( I +  Y P  
AS d 3 .11  F2'(4h2 + 6ht + 3t2ga 
Sandwich  Construction - 
(hi + ho)' + i2hihbf(hi + ho + t )  ( 7) Unequal Face  Sheets x' = 3 ( 1  - v2)r' 
hi + ho 
A8 5 3 . i i  (-hi +zhJ [(hi + ho)'+ 12hih2(h, + ho + 
The  minimum allowable segment length is i x IO-' (inches  or  radians) . 
SEGMENT  CARDS ( Continued) Column Format 
3. Geometric Description Card 
a. Ellipsoid and sphere (Figs. 4 and 5) 
( I) Semiaxis  perpendicular  toZ-direction (a)  1-14 
( 2) Ratio of semiaxis  in the  Z-direction  (b) 15-28 
b t o  ( a ) ,  p = - a 
(3)  C = offset  distance (*) ( C  = 0 if  no offset) 2 9-42 
b. Modified ellipse shape (Fig. 6) 
( I) Axis ratio coefficient (n) 1-14 
(2) Semiaxis  perpendicular  to  Z-direction  (a)  i5-28 
E14.1 
E14.i 
E  14.1 
E14. I 
E i 4 . i  
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SEGMENT CARDS ( Continued) 
c . Ogive ( Fig. 7) 
( I) R1 = radius 
(2) C = offset distance (*) 
- .. d. Paraboloid ( Fig. 8) 
( 1) fi  = position parameter, 
(2) fi = shape parameter 
, (3) f3 = shape  parameter 
e. Cone ( Fig. 9) 
( I) Angle $I in radians (for flat plate, $I = 0) . 
Keep in mind that  this $I is a constant for 
a given  cone  and  should not be confused with 
the $I on the MAGIC Control and Segment 
Sizing  Card. 
f .  Cylinder ( Fig. IO) 
( I) Radius 
4. Master Clue Card. This card contains a series of 
clues which determine  the  program  and  table  loca- 
tions  to be  used  for  the  segment being described. 
For  a master flow chart of clues and  options  in the 
program, see Figure I .  
a. Material Table Type Clue 
This  clue  defines  the  type of material  property 
table  to be expected for the segment. This, as  
well as the following clue,  determines  the  mate- 
rial properties  that  will be  used  in  the  structural 
analysis  for  the  segment.  Thus  these two clues 
should match  the  two  clues  used on the  identifica- 
tion card of the  corresponding  material  property 
table. A s  mentioned  before  in  this  section  under 















E 1 4 . i  
E 14. I 
E i4 .  I 
E14 . i  
E14. I 
E 1 4 . i  
E i4 .  I 
A 4  
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SEGMENT CARDS ( Continued) 
b. 
C .  
d. 
Material title 
This  name should  be  the  same as the  name which 
appears on the material property table which 
contains  the  properties  to be utilized  for  this 
segment. 
Sheet  Clue  (segment  construction) 
This  clue  informs  the  program as to  what kind 
of shell  wall  cross  section  to  expect. If the 
shell is of single-sheet  construction,  the  clue 
to be used is: SING. If the  shell  wall is an 
equal-size face sheet  sandwich,  the  clue  to be 
used is: EQUA. If the  shell  wall is a sandwich 
but the  face  sheets are not equal,  the  clue to 
be used is: UNEQ. Finally, if the shell is 
reinforced by rings,  stringers, or a waffle', the 
clue  to be used is: B U N .  
Reinforcement Clue 
This  clue  describes  the  type of reinforcement 
that is present on the  shell. If the  shell is 
purely of single-sheet or  equal or unequal-size 
face sheet  honeycomb  construction  (no  reinforc- 
ing) , the  clue  to be used is: THIC. If the  rein- 
forcement  consists of rings or  stringers or both, 
located along the coordinate axes ( e  and @ or s) , 
then  the  clue  to be used is: STIO. If the  rein- 
forcement  consists of a waffle which is rotated  45 
deg  to  the  coordinate axes, then  the  clue  to  be 
used is: RWAF. If another shell cross section 
f for  instance,  some  sort of layer combination) 
can be cast so as to  have  the  same  integrated 
Hooke's Laws as either of the  reinforced  cases 
( see Ref. I, Appendix A) , then  the  appropriate 
clue, ST10 or RWAF, can be used  for its 
description. The formulas for the appropriate 
stiffnesses need  only  be  changed (Ref. I and this 
section  under  the heading, Reinforced  Shell  Stiff- 
ness  Formulas) so as to  describe  the new shape 





A 4  
A 4  
31-34 A4 
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SEGMENT CARDS (Continued)  Column Format 
., formulas can be input in card set 6 as described 
Cross-Section  Geometry,  and  this new cross  
section will be analyzed by the  program. 
I in  succeeding  pages  under  item 6, Table of Wall 
... . .. 
e .  Thermal Clue 
This  clue  describes  the  type of thermal  problem 
which exists in  the  segment.  The  user is re- 
minded  that if there is a~thermal  loading on the 
structure, only one load  problem  may be run in 
the  submission  (see  this  section  under  the 
heading, Order of Input, and subheading, 
General  Introductory  Cards). If there is no 
thermal load on the  segment,  the  clue t o  be used 
is NOTH. If the  thermal loading on the  segment 
is of a general,  standard  type,  that is, if there 
is variation of temperature  through  the  thickness 
a s  well a s  in the  coordinate  directions,  the  clue 
to be used is THST. If the  thermal load is such 
that  the  variation is all in the coordinate  direc- 
tions and there is no thermal  variation  through 
the  thickness,  the  clue  to  be'used is THCN. The 
las t  clue  concerns a shell which is inhomogeneous 
in  the  meridional  direction.  This is not really 
a thermal  problem  at  all but merely a manipula- 
tion of the  material  property  tables. If a struc- 
ture has a wide variation  in  material  properties 
5n  the  meridional  direction, without this last 
option one must  take  short  segments of constant 
properties for analysis. With this option, how- 
ever,  the  property  variation is placed  in  the 
material  property  table  and  expressed on the 
segment a s  a  function of temperature. No thermal 
loads are calculated,  however,  and  the  temper- 
atures are used only to  interpolate  for  material 
properties as integration is progressing along  the 
segment. Thus, continual variation of properties 
in  the  meridional  direction is accommodated.  The 
clue  for  this option is THIN. 
41-44 A4 
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Stress-free  temperature '. 
The  value of the  temperature  (usually  room 
temperature) at which the  segment  has no 
thermal stresses or  distortions induced is . . 
provided here.  This is the  temperature at 
which the  shell  was'  manufactured. If there . 
is to  be no thermal  analysis,  this  value is riot 
used  and  can be set to  zero (0.0). 
Nonlinear  Clue 
If the  analysis is to  be linear  the  clue is LINE. 
For a nonlinear  analysis see Reference I, Section 
7,  and  use  the  clue NPHI. 
Table  control - number of points in each of the 
following tables 
This  can  vary  from 2 t o  30, depending upon the 
shell  geometry  and loading. For a linearly 
varying  geometry  and/or  loading only two input 
points would be required.  These  two  points 
.' ' .  . . ' would be the  end  points.. For  more  general 
loading  and/or  geometry a large  number of. points 
are required. In particular, each  abrupt  change 
is specified by two points. One should  use as 
. .( : .  many points as necessary  (up  to 30) in  order  to 
completely  describe  the  problem. 
5. Table of @ o r  s Values 
a. Initial, intermediate, and final values of @ or  
s. ,Each point requires 14 columns on a card, 
and thus there can be 5 values per  card  and up 
to  6 cards  to  make a total of up to  30 points. 
In preparing input data  for  this card, one should 
always  make  the first table value  slightly  smaller 
than the initial value of + o r  s specified under item 
2a. The last value has to be slightly greater tWii' the 
final value of @ o r  s given under item 2b. The, table 
overlap is necessary  to  initialize  the  interpolzvon 
scheme. A suggested overlap value of I x 10 will 
Column Format 




Column Format SEGMENT CARDS (Continued) 
,.insure good results. T h e   m i n i m y  value of this 
overlap  that  can be used is 1 x 10- . 
6. Table of Wall Cross-Section Geometry. The contents 
of these cards (up  to six cards per item below) are 
dependent upon the  clues registered on the  Master 
Clue  Card. If the  shell to be described  contains no 
reinforcing,  the  pertinent clue is item 4c, the  Sheet 
Clue. For  these cases the,  geometry is input and  the 
etiffnesses are calculated  internally by the  program 
(Fig. 12). The input ispresented below as a function 
of the  Sheet Clue. If the: Sheet Clue is SING (single 
sheet  construction) : 
a. Initial,  intermediate,  and  final  values of wall thick- 
ness (h.) at  points defined by table of # o r  s values. 
1 





Initial, intermediate,  and final  values of face . , 5E 14.7 
sheet  thickness ,( h,) ,, a t  points defined by table . . , I . .  i .  : . :: ' 
1 .  
of $I or  s values. ' 
Initial,  intermediate, and final  values of core ' 
thickness (t) at points defined by table of C#J 
o r  s values. 
, !  
% , .  ! .  . .  
. .  5E 14.7 
If the  Sheet Clue is UNEQ (unequal-size face sheet 
sandwich) : 
a. Initial, intermediate, and final values of inner 
face sheet  thickness  (h,) at points  defined by 
table o r  s value-a. 
-
- 1  
5E 14.7 
. -. 4 
b. initial, intermediq.&; and  final  v lues of core 5E 14.7 
thickness (t) at points defined by table of C#J 
o r  s values. 
c. Initial, intermediate, and final values of outer 
face sheet  thickness  (ho)  at  points defined by 
table of @ o r  s values. 
5E 14.7 
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E h 3  
Shear 
Stiffnesses 
(hi + ho) ' + i2hih$( hi + ho + t) 
D, = G@e 12(hi + ho) 1 
Figure 12. Calculated shell section properties. 
SEGMENT CARDS (Continued) Column Format 
If.th8 shell is reinforced,  the  Sheet Clue  will be B U N .  
In this case it is the follo&ng, or  Reinforcement Clue 
(item 4d) , which will  determine  the  contents of card 
 series 6 .  For  the  reinforcement cases the  geometry 
. .'.. ~ can be complex  and  varied,  since all types of reinforcing 
are to  be included.  Thus,,  rather  than  geometry,  actual 
stiffness  parameters will be input. Formulas  for  calcu- 
lating  these  parameters  are  derived  in  Reference i. 
They are presented  for  those and additional cases on the 
following pages. The reinforced shell input is presented , 
below as a function of the  Reinforcement Clue. 
If,:the  Reinforcement Clue is RWAF (waffle  reinforcing 
rotated 45 deg  to  the  coordinate  axes) : , .  
. _  
. .  
.. a. 
r s  b. 




Initial,  intermediate, and final  v ues of the . . :5Ei4.7 
reinforced  shell  extensional stiffness in  the 8 . . .  , 
direction ( Kii) at points  defined by table of Q, I 
or  s values. i 
I 
Initial,  intermediate, and final  values of the 1 .  - - 5Ei4.7 
reinforced  shell Pois'son's ratio  effective 
extensional  stiffness .( Kiz) at points  defined by; 
table of @ or  s values. 
I 
Initial,  intermediate,  and  fi alvalues of the 5E 14.7 
reinforced  shell  extensional  stiffness  in  the 
+ direction (Kzz) at  points  defined by table of ,. . I  
@ or  s values. 
Initial,  intermediate, and final  values of the 6E 14.7 
reinforced  shell  shear  extensional  stiffness 
( KS3) at points defined by table of @ or  s values. 
Initial,  intermediate,  and  final  values of the 
reinforced  shell bending stiffness  in  the 0 
direction (Dl*) at points  defined  by  table of 
$ or  s values. 
I .  
. .  
" 
; r  " ,  . .  
. .  . .  , .  
, .  . .  
5E  14.7 
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SEGMENT CARDS ( Continued) 
f. Initial, intermediate, and final values of the 
reinforced  shell  Poisson's  ratio  effective bending 
stiffness (DI2) at  points  defined  by  table of 9 
or s values. 
g. Initial, intermediate, and final values of the 
reinforced  shell bending stiffness  in  the 9 
direction (Dz2) at  points  defined by table of 
9 or  s values. 
h. Initial, intermediate, and final values of the 
reinforced  shell  shear bending stiffness  (Dm) 
at points defined by table of q5 or  s values. 
i. Initial, intermediate, and final values of the 
reinforced  shell waffle eccentricity  parameter 
( Cll) at points defined by table of q5 or  s values. 
If the  Reinforcement Clue is ST 10 (reinforcement  consisting 
of rings or stringers  or both) : 
Column Fornlat 
5Ei4 .7  
5Ei4 .7  
5E 14.7 
5E 14.7 
a.  through  h.  The  items contained on these  cards 8 sets of 5E14.7 
are identical  to  those  described  for  the RWAF 
clue above. 
i. Initial, intermediate, and final values of the 
reinforced  shell  ring.eccentricity  parameter ( Cil) 
at points defined by table of 9 or s values. 
j .  Initial, intermediate, and final values of the 
reinforced  shell  stringer  eccentricity  parameter 
( CZ2) at points defined by table of q5 or s values. 
5E14.7 
5E 14.7 
Reinforced  Shell  Stiffness  Formulas 
The  formulas  for  the  reinforced shell stiffnesses are given a s  follows. 
I .  Waffle Construction (RWAF Clue) 
? 
a. Single sheet  reinforced by rotated waffle : 
30 
Eeh ERA 
I-' ' S + -  @e e @  
+ -  ERA  ERA 




A " ER1 
D22 = 12(1-v +eve@) S 
-E h3 e 
= 12( I - v  S D33= 12 + e v e + )  S 
E 1  
R G h3 E 1  
" "+A 
-v E h3 
D -  ea e E RI 
@eve@)  S I2 - 12(1-v 
" 
b. Equal-size face sheet sandwich reinforced by rotated waffle: 
2Eehi E A  





Kii  = + -  + -  S 
ERAC 
S ci,= - 
-E h. (4h.2+6h.t+ 3t 
D22 = 
a 1  1 1 
6(  1-v 
+eve+)  S 
31 . 
. _ -  I ! 
+ 6h.t + 3t2 
1 ) ER1 ' 
D33 = 6 + -  S 
c. Unequal-size face  sheet sandwich  reinforced by rotated waffle: 
ERAC 
S CIl = - 
(h. + h ) 4 +  i2h.h  t(h. + ho + t) 
Dl1 = -E 1 0  1 0  1 e i2(h. + h ) ( 1-u 
1 0  @ s u e @ )  
(h. + h ) + i2h.h t(h. + h + t) 
1 0  1 0  1 0 
Dl2 = - 12(h. + h ) ( 1 - u  
1 0  $e ' e $  ) 
(h. + h ) * +  i2h.h  t(h. + h + t) 
D22 = -E 1 0  1 0  1 0 
9 12(h. + h ) ( i - v  
1 0  +sue@) 
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(h. + h ) + i2h.h  t(h. + ho + t) 
1 0  1 0  1 D33= G 
' 6  12(h. + h '1 1 0  
where  in  the  preceding  presentation: 
A = area of reinforcement 
C = eccentricity of reinforcement  (measured  from  the  basic  shell 
centroidal axis to  the  centroidal axis of the  reinforcement - positive 
inward) 
I = moment of inertia of reinforcement about basic  shell  centroidal 
axis . .  
S = spacing of reinforcement 
and  the  subscript R refers to  reinforcement  properties. 
As can be seen  from  the  changes  in  corresponding  equations  for  the 
single  sheet and  sandwich basic  constructions,  any  basic  construction 
reinforced  by a rotated waffle can be analyzed by the  program by merely 
calculating its stiffnesses and  adding to  them  the  appropriate  reinforcing 
stiffness  terms.  In  addition,  any  other  wall  cross  section which is not 
explicitly  reinforced  can be analyzed by this option if the  integrated Hooke's 
laws of the  cross  section  can be cast into  the  form of equations 4-10 in 
Reference 1, and the  definitions of the  stiffness  parameters  thus  derived are 
used. 
2. Ring - Stringer Reinforced Construction (ST10 Clue) 
a. Single sheet reinforced by rings  and/or  stringers: 
E h  Ee Ae E h  E A  e R ,  i+'R ' 
K11= v + ,  K22 = 





E C A  
9 ,  9 9 
c22 = . s  
.r 
4 
E 1  -E h3 E -E8 hs - OR A- 
Y2(l -v  v ) 
D -  
22 - l Z (  l - v  
90 09 $8 9 )  
S 
9 
b. Equal-size face sheet sandwich reinforced by rings and/or 
stringers: 
' i  
Eo C A 
R 8 8  
cii = 
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‘ e  ,. 
E C A  
9 R  @ @ 
c2z = S 
9 
(h.  + h ) * +  12h.h t(h. + h + t) 
1 0  1 0  1 0 
Dl, = -E e 12( 1-v + 1 (hi + bo) 
where  in  the above presentation: 
A = area of reinforcement 
C = eccentricity of reinforcement  (measured  from  the basic shell 
centroidal axis to the  centroidal  axis of the  reinforcement - positive 
inward) 
36 
I = moment of inertia of reinforcement about basic  shell  centroidal 
axis 
J = twist constant of reinforcement  cross  section 
S = spacing of reinforcement 
The subscripts 8 or  @ indicate coordinate directions, and the subscript R 
refers to  reinforcement  properties. With reference  to  reinforcement  pro- 
perties, @ refers to stringers and e to rings. 
The ST10 equations a re  somewhat approximate. First, since the 
reinforcement  properties are "smeared, '( the  equations will not, be accurate 
where  the  reinforcement is widely spaced. Second, because of the  first-order 
theory  assumption that M = -M the torsional  constant is only approxi- 
mate  in cases where  reinforcement  properties GJ/S are not equal  in  the two 
coordinate  directions.  For  an'agsymmetric loading this approximation will 
have no effect  unless a pure'torsion load is applied. 
@e e @ '  
A s  previously,  changes  in  corresponding  equations  for  the  single  sheet 
and sandwich basic  constructions  indicate  that any basic  construction with 
reinforcement  can  be  analyzed by the  program by calculating its basic 
stiffnesses  and adding them 'to the appropriate  reinforcing  stiffness  terms. 
Again, any other  wall  cross'section which is not explicitly  reinforced  can be 
analyzed by this option if the  integrated  Hooke's  laws of the  cross  section 
can be cast into  the  form of equations, 4-1 in  Reference I, and the  definitions 
of the  stiffness  para&eters,thus .. .. , derived . .  are  used. 
. 
.... L I 
Both the STiO and  the RWAF equations a re  applicable to obtain accurate 
stress resultants  for a reinforced  shell  structure.  Stress  calculations  based 
upon '"smeared"  properties,  however, a r e  inaccurate  and a re  not carried out 
by the-pr-ogram., ' The  user, 'having  the  actual  geometry  and  the s t ress  
resultants,  can  easily  make th is  calculation (see Appendix A) . 
SEGMENT CARDS (Continued)  Column Format 
7. 
. L  
. .  
. .  
Loading Clue Card.  The  contents of this  card are 
numerical  clues which alert the  programs  to the 
types of loads  that exist on the  segment. If the  clue 
indicates:  that  some load. does not exist, ' the  appropriate 
-cards  riwseriei 8 which would ordinarily  contain  the 
numerical  values of this load are omitted  from  the 
- 
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SEGMENT CARDS (Continued)  Column Format 
sequence.  The series of cards 7 and 8 are repeated 
for  the  number of problems  indicated on the  Program 
Control Card  (item e) up to a maximum of five. If 
three  problems were being run, the following card 
sequence for  that  segment would be: 
Loading Clue Card  for  pattern one (card 7) 
Load Values  for  pattern one (card  8) 
Loading Clue Card  for  pattern  two  (card 7) 
Load Values  for  pattern  two (card  8) 
Loading Clue Card for  pattern  three  (card 7) 
Load  Values for  pattern  three  (card 8) 
The  appropriate  clues a re  as follows: 
a. Thermal Clue 
If there are no thermal  loads  (Item 4e is 
NOTH) the  clue  number is zero (0)  . 
If there  is  a standard  thermal  variation  through 
the  thickness  (item 4e is THST) , the  clue  number 
is four (4) . 
If the  temperature is constant  through  the 
thickness  (item 4e is THCN) or  i f  the  in- 
homogeneous  option is used  (item 4e is THIN) 
the  clue  number is one ( I) .
If a thermal loading  does  exist on the  structure, 
then  the  stiffnesses  matrix is thermal dependent, 
and only one loading problem  may  be run per 
submission  (see  Program  Control  Card,  item e) . 
b. Circumferential Load Clue ( f  ) 
8 
If there  are no circumferential  loads,  then  the 
clue n u m b e r s   z e r o  (0) . 
2 I1 
If there  are  circumferential  loads, then  the  clue 
number is one (I) . 
\ 
38 




f .  
g* 
4 I1 
Meridional Load Clue (f ) 
The  meridional  load  clue  number  must  always 
be one (I) whether or  not there  are any 
meridional  loads. 
Normal Load Clue (f ) r; 
The  normal  load  clue  number -must always  be one 
( I )  whether o r  not there   are  any normal  loads. 
Circumferential Moment Load Clue ( m  ) 
The  circumferential  moment load clue  number 
must  always be one ( I) whether or not there are 
any circumferential  moment  loads. 
Meridional Moment Load Clue ( m  ) 
If there   are  no meridional  moment  loads,  then 
the  clue numGr is zero (0) . 
If there are meridional  moment  loads, then the 
clue  number is one ( I )  . 
Any alphameric  information  (load  description) 7-70 16A4 




8. Table of Applied Loads ( see Figs. 13 through 15 for > ' ,. 
the sign convention) . The appropriate card sequence 
is given as follows as a  function of the Loading Clues 
on card 7. If the  Thermal Clue is one ( I )  : 
a. Initial, intermediate, and final values of the 
temperature of the  shell  at  points defined by table 
of @ or  s values. [These values will be used 
either  for a thermal  problem  where there is no 
thermal  variation  through  the  thickness  (Clue = 
THCN) or  to  calculate  varying  material  properties 
along  the  shell  for  an  inhomogeneous  problem 
(Clue = THIN) .] 
5E 14.7 











Y I bzn dRnW . a n d  v 'z b l i e  3 '  @ in meridional plane 
Figure 15. Shell element geometry and displacements. 
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SEGMENT CARDS ( Continued) 
a. 
, .  
b. 
C. 
7 . .  
d. 
Initial,  intermediate,  and  final  values of the 
tempcirature T.. . at  points  defined  by  table of $J 
or  s values.  (The  subscripts, nm, indicate 




Initial,  intermediate,  and  final  values of the 
temperature T. at points defined by table of 
@I or  s values. 
ZC 
Initial,  intermediate,  and  final  values of the 
temperature T at points defined by table of 
@I or  s values. 
oc 
Initial,  intermediate,  and  final  values of the 
temperature T at points defined by table of 
00 
@I or  s values. 







If the  Circumferential  Load Clue is one ( I) : 
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SEGMENT CARDS (Continued) 
e : Initial,  intermediate,  and  final  values of the 
circumferential loads f at points defined by 
0 
table of + o r  s values. For 'a discussion of 
distributed  loads, see Reference 6, Appendix A. 
If the  Circumferential Load Clue is zero (0) , the  cards  in 
item e are omitted. 
The Meridional  Load Clue on card 7 is always one ( I )  
whether o r  not there are any  meridional  loads.  ,Thus, if 
there are no  applied  meridional  loads on the  segment, 
zero  values  must be  used (o r  blank cards)  according  to 
the following format: 
f .  Initial, intermediate, and final values' of the 




+ or  s values. This card or cards cannot be 
omitted. . .  
. -..! . .  . 
The  Normal Load Clue from  card-7 is always one ( I) 
whether or  not there are any normal  loads.  Thus, if there 
are no normal  loads on the  segment,  zero  values  must be 
used;( or  blank cards)  according  to  the following format: . 
. -  
g. Initial,  intermediate,  and  final  values of the  normal 5E14.7 
loads f at points  defined by table of + or  s 
t 
. .  
' values. 
This  card  or  cards cannot be omitted. 
The  Circumferential Moment Load Clue from  card 7 is 
alwayslone (i)  whether o r  not there are any circumferential 
moment loads. Thus, if there are no circumferential 
moment  loads on the  segment,  zero  values  must be used 
( or blank cards)  according  to  the following format: 
h. Initial, intermediate, and final values of the 
circumferential moment loads m of points 





SEGMENT CARDS (Continued) 
This  card or  cards cannot be omitted. 
If the  Meridional Monhent Load  Clue is one (I) : 
i . Initial, intermediate, and final values of the 
meridional moment loads m at points defined 
by table of or  s values. 
l#) 
If the  Meridional Moment Load Clue is zero (0) , cards 
i a r e  omitted. 
A s  noted,  the  load  clue on card 7 for  the  meridional  load,  normal 
load, and  circumferential  moment  load  must  always be one ( I )  even if these ' 
loads  do not exist on the  segment;  thus,  card 8 must  include  the  numerical 
values of these  loads  using  zeros  or blank cards  for  any nonexisting  applied 
loads.  The  reason  for  this is that  the  program  internally  calculates  the 
inertial  loads on the  segment  caused by rotation  and  breaks  these  loads down 
into  the following three  static component  loads:  meridional  load,  normal 
load; and  circumferential  moment  load.  The  program  then  adds  these  loads 
to  the  external  loads which have already  been  applied  to  the  segment  using 
cards 7 and 8. The  program  then  stores  these  loads  into  the  static  load'array; 
thus,  the  static  load array  for  meridional  loads,  normal  loads,  and  circum- .' 
ferential  moment  loads  must  always  be open even if it means putting in  zero 
values  or blank cards  for  items f, g, and h on card 8. 
9. 
Column Format 
Table Bf Assumed  Meridional  Membrane  Force % 
for  Nodinear  Problems. If item 4g on the Master 
Clue Card is NPHI: 
9 
a. Initial, intermediate, and final values of f 9 
at points defined by table of $I or  s values. 
If Item 4g on the  Master Clue Card is LINE, card  sequence 
9 is omitted. If the  problem  under  consideration is non- 
linear, the stiffness matrix depends upon fi and only 
one loading problem  may be run per submission (see 
Program  Control  Card,  item e) . 
9, 
5E 14.7 
Nonlinear  Analvsis 
The  Rotating  Structures  Computer  Program is capable of considering 
nonlinear  effects  using  an  iteration  technique.  The  iteration techriique, which 
is not automated,  can  be  accidentally  made  to  diverge. To insure convergence, 
care  must be taken  to  satisfy the segment  sizing  parameters,  since  symmetry 
of 'the  stiffness  matrix  for a nonlinear  analysis is no longer a requirement. 
A nonlinear  analysis would then  use  the following steps: 
I. The  first  approximation  to N is obtained from a linear solution, 
which may yield larger results than  the  actual  nonlinear  final  value. 
2. After the  preliminary  values are obtained, the  structure  segments 
should be resized  in  the areas where  local  nonlinear  behavior is suspected, 
usi,ng'.the nonlinear  sizing  parameter ( y )  . previously  described  in  this  section 
of-the  report  under  the heading,  Calculation of Segment Length. 
3. If nonlinear effects are locally large, the value for E obtained 
from a linear solution (step I) may  dominate  the loading terms  in a nonlgear 
analysis and cause oscillations. To eliminate this possibility, the first N 
approximation should be lower  than  the  value  predicted by a linear.  analysis 
( 90 tq . 5 0  percent, depending on the  suspected magnitude of nonlinearity) . If 
oscillations are encountered at any stage,  they  can be eliminated and astrend 
toward  cqnyergence  reestablished by  using smaller values of fi. , 1 , ' .  
, / .  . -  . ' : '  I , ' , .  
4: With this  step  the  procedure is repeated. A nonlinear analysis 
is made,  and  the N output is compared with the  barred  (assumed)  quantities. 
This  procedure is carried out until convergence is reached. 
SEGMENT CARDS ( Continued) Column Format 
I O .  Stress Clue Card. This card contains a series of 
clues  used  to identify  the  proper  Hooke's law to be 
used  for stress calculations. 
a.  Meridional  Stress  In erEdg  Clue 1-4 
This  clue  informs  the  program as   to  what kind 
of construction  exists  at  the  meridional  inner  edge 
of the  shell  segment. If the  construction is part 
of the  basic  shell, the clue is SHEL. If the con- 
struction is part of the rotated waffle reinforce- 
ment, the clue is WAFF. If the construction is 
part of a stringer, the clue is STRI. 
A4 
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SEGMENT CARDS ( Continued) Column Format 
b. Meridional Stress Outer Edge Clue 
This  clue  informs  the  program as to what kind 
of construction  exists at the  meridional  outer 
edge of the shell  segment.  The  same  possibilities 
a s  in  item a exist, and  the  possible  clues  again are: 
SHE L 
W A F F  
STRI 
11-14 A4 
" - .. 
i-.  
--- " . "- - 
c. Hoop Stress Inner  Edge Clue 21-24 A4 
This  clue  informs  the  program as to what kind 
of construction  exists  at  the hoop inner  edge of the 
shell  segment. If the  construction is part of the 
basic shell, the clue is SHEL. If the construction 
is part of the  rotated waffle reinforcement, the 
clue is WAFF. If the  construction is part of a 
ring,  the  clue is RING. 
"
d. Hoop Stress  Outer Edge Clue 
This  clue  informs the program as to what kind 
of construction  exists  at  the hoop outer  edge of 
the shell segment. The same possibilities as in 




11. Reinforced Stress Calculation Table. The contents 
of these  cards  are dependent upon the  Reinforcement 
Clue (item 4d) . If this clue is THIC, the whole set 
of cards 10 and I1 is omitted. If the  Reinforcement 
Clue is RWAF: 
a. Initial,  intermediate , and final  values of extreme 
inward  distance  to  reinforcement edge at points 
defined by q~ or  s table. This is a signed 
(&) value,  measured  from the basic  shell  centroid 
to  the  extreme point of shell  or  reinforcement, 





SEGRlENT CARDS ( Continued) 
b. Initial, intermediate, and final values of extreme 
outward  distance  to  reinforcement  edge at points 
defined  by @ or s table. This is a signed 
(*) value,  measured  from  the  basic  shell  centroid 
to  the  extreme point of shell or  reinforcement, 
positive  inwards. 
"
c. Initial, intermediate, and final values of waffle 
reinforcement  spacing at points  defined  by @ 
or  s table. 
d. Initial, intermediate, and final values of waffle 
l. rib thickness at points defined by @ or s table. 
e .  Initial, intermediate, and final values of inward 
or  outward  distance  to waffle reinforcement  centroid 
at points defined by cp or  s table. This is a 
signed (+) value,  measured  from  the  basic shell 
centroid  to  the  centroid of the waffle reinforcement, 
positive  inward. 
Column Format 
5E 14.7 
f .  Initial, intermediate, and final values of equivalent 
"smearedl'  thickness of the waffle reinforcement at 
points  defined by @ or  s table. [Note: 
"smeared"  thickness refers to  average  thickness of 
stiffener per stiffener  spacing ( t  = stiffener cross- 
sectional  area/spacing) .] 
- 
g. Initial, intermediate, and final values of inner face 
sheet thickness (h.) at points defined by cp or s 
table. (If single-sheet construction, items h and i 
must be included but can be replaced by blank 
cards. ) 
1 
h. Initial, intermediate, and final values of core 
thickness (t) at points defined by @ or s table. 
i, Initial, intermediate, and final values of outer face 
sheet thickness ( ho) at points defined by @ or  s 
table. (If equal-size face sheet sandwich, this card 
still must be included  and thus  will be the same as 









SEGMENT .CARDS (Continued) 









Initial, intermediate,  and  final  values of 
extreme inward e distance to reinforcement 
edge at points defined by @ or  s table. This is 
. ' .&.',,i ' 
a signed (*) value,  measured  from  the  basic 
shell  centroid  to  the  extreme point of shell  or 
ring, positive inwards. 
Initial,  intermediate,  and  final  values of extreme 
outward e distance to reinforcement edge at 
points defined by @ or s table. This is a 
signed (*) value,  measured  from the basic  shell 
centroid  to  the  extreme point of shell  or  ring, 
positive  inwards. 
Initial,  intermediate,  and final values of extreme 
inward $I distance to reinforcement edge at 
points defined by @ or  s table. This is a 
signed (5) value,  .measured  from  the  basic shell 
centroid  to  the  extreme point of shell  or  stringer, 
positive  inwards. 
Initial,  intermediate, and final  values of extreme 
outward $I distance to reinforcement edge at 
points defined by @ or  s table. This is a signed 
(*) value, measured  from  the  basic  shell  centroid 
to the  extreme point of shell or  stringer, positive 
inwards. 
Initial,  intermediate,  and  final  values of ring 
reinforcement spacing at points defined by $ or  
s table. 
Initial,  intermediate,  and  final  values of stringer 
reinforcement spacing at points defined by @ or  
s table. 
Initial,  intermediate,  and  final  values of ring 
thickness at points defined by . @  or  s table. 
, .  
Column Format 
1 
5E14.7 . .  
5Ei4: 7 
5Ei4.7 





SEGMENT CARDS ( Continued)  Column Format 
If the  rings  or  stringers are other  than a plate rib  in 
shape (i.e., hat o r  r c ~ r '  sections),  the  values  in  items 
g  and  h sh0uld.b  the largest-width  dimension of the 
reinforcement  construction. 
h. 
i. 
I .  
j. 
. .  
k. 
. .  
1. 
Initial,  ntermediate,  nd  final  v lues of stringer 5Ei4 .7  
thickness at points defined by @ or  s' table. 
Initial,  intermediate, and final  values of inward o r  5Ei4 .7  
outward  distance to  ringreinforcement  centroid at 
points defined by 4 6r s table. This is a signed 
(*) value,  measured  from  the  base  shell  centroid  to 
the  centroid of the  ring  reinforcement,  positive 
inward. 
Initial,  intermediate, and final  values of equivalent 
smeared  thickness of the  ring  reinforcement  at  points 
defined by @ or  s table. [Note: %mearedrl  thick- 
ness refers to  average  thickness of stiffener per stif- 
fener spacing ( t = stiffener  cross-sectional  area/ 
spacing) .] 
Initial,  intermediate,  and  final  values of inward 
or  outward  distance  to  stringer  reinforcement 
centroid at points defined by @ or  s table. This 
is a signed (*) value,  measured  from  the  base  .shell 
centroid  to  the  centroid of the  ring  reinforcement, 
.positive  inward. 
Initial, intermediate, and final values of equivalent 
smeared  thickness of the  stringer  reinforcement 
at points defined by @ or  s table. 
If the  reinforcement is unidirectional (i. e . ,  only rings 
or  only stringers) , the appropriate values in items e . 
through 1 referring  to  the nonexistent  reinforcement 
can  be  replaced  by  blank  cards. 
m.  Initial,  intermediate,  and  final  values of inner  face 
- sheet thickness (h.) at points  defined by @ or  s 
1 
table. (If single-sheet construction, items n and 




5Ei4 .7  , 
5E 14.7 
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SEGMENT CARDS (Continued) Column Format 
n. Initial, intermediate, and final values of core 
thickness (t) at points defined by @ or s '"." " 
table. 
7" i,;-. : 
0.  Initial, intermediate, and final values of outer 
face  sheet  thickness ( ho) at  points defined by @ 
o r  s table. (If equal-size face sheet sandwich, 
this  card still must be included and thus will  be  the 
same  as  card  m. ) 
5E14.7 
5E 14.7 
12. Mass Density Card. The contents of this  card are 
the  numerical  values of the  mass densities of the 
shell segment and its reinforcements. 
a. Segment  skin mass density 1-14 ' E14.7 
This value is the mass  density of the  skin  material 
whether it be of single-sheet (SING) , equal-sheet 
(EQUA) , or unequal-sheet (UNEQ) construction. 
If equal- o r  unequal-sheet  sandwich construction, 
both face  sheets  must be of the  same  material. 
b. Segment core  mass density 15-28 , Ed4.7 
This value is the mass density of the core  material 
in a sandwich construction. Often the  core 
material  has  such  a  small  mass  density  compared 
with the skin  that th i s  value is taken a s  zero. If 
remembered  that  the  basic shell centroid  calcula- 
tion must include the  core  material. (If single- 
sheet  construction,  this  value is taken as zero.) 
. a  value  other  than  zero is used,  it  must be 
c. Segment  i ner  r inforcement  mass  density 29-42 E 14.7 
This value is the mass density of the  reinforcement 
material used on the  inside of the  shell  segment 
whether it be waffle construction (RWAF) , ring, 
or  stringer  construction (ST101 . If no inside 
reinforcement is used this value is taken a s  zero. 
50 





Segment  ou side  reinforcement  mass density 43-56 E i 4 . 7  
This  value is the  mass density of the reinforce- 
ment  used on the outside of the  shell  segment 
whether it be waffle construction (RWAF) , ring, o r  
stringer  construction (STIO) . If no outside rein- 
forcement is used  this value is taken as zero. 
The  mass  density  value is calculated as follows: 
P = y/g y = lb/in. 
= 1b-sec2/in.' g = 386.4 in./sec2 
Angular  Velocity  Card.  The  contents of this card are 
the  numerical  values of the angular  velocity of the 
segment. 
a. This card contains  the  angular  velocity  values 
that  correspond  to the number of problems  to 
be run. (See Program  Control  Card  item 2e. ) 
Segment  Topology Cards 
5E 14.7 
., a. Segment  number 1-5 I5 
Number of the  segment  under  consideration. 
b. Joint ( i) 6-10 x5 
Joint  associated with ith end of the  segment  (TIC) . 
c. Joint ( j) 11-15 I5 
Joint  associated with the  jth  end of the  segment 
(STOP) . 
Since  within a region the segments are all singly  connected, 
the segment  joint  numbers  should be in  adjacent  numerical 
pairs. That is, if joint (j) is 6, joint (i) could only be 
5 o r  7. This is true only within a region. In addition, the 
initial  joint of each  region  muet be I in  segment topology 
numbering,  and  the  final  joint of each region must be the 
last (highest)  number in the  segment topology numbering 
(Fig. i l )  . The coordinate C#J or s increases from TIC 
t o  STOP, i to j. The user is again  advised t o  see 
Figures 3 through IO. 
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INTRA-REGION  KINEMATIC LINK CARDS Column Format 
These cards, if any exiipt (Region  Introductory  Card, 
item ib) , are placed  at  the  end of all the  segment  data 
for  the  region.  They  contain  the following  information: 
a. Joint ( j )  dependent  joint 1-2 I2 
b. Joint (i) independent  joint 3-4 I2 
For  intra-region  kinematic  links  these  joints 
must be in  consecutive  decending  order.  That is, 
joint (j) should always be greater than  joint ( i)  
by  one. 
c.  Angle y in  radians (Fig. 16) 
Angle y cannot equal o o r  7r . The angle y 
describes  the  orientation of the link; it is the 
inclination  angle of the  link from  the  vertical 
(Z-axis) . The  number of kinematic  link cards 
must  equal the number  specified in item ib of 
the Region Introductory  Card. 
5-1 9 E14.7 
REGION JOINT CONTROL DATA CARDS 
These cards are placed at the  end of the  data  for all 
regions. 
I. Joint Control Data Card 
a. Number of region  joints 1-5 I5 
Total  number of region  joints  for  problem 
(max. = 20) . 
b. Number of kinematic  links 6-10 I5 
Total  number of kinematic  links  between  regions 
for  problem. 
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REGION JOINT CONTROL DATA  C RDS (Continued)  Column Format 
2. Kinematic Link Cards '( inter-region) 
. ; .  r . .  
, , .I 
a. Joint (j) dependent joint 1-2  I2 
b. Joint (i) independent  joint 3-4 I2 
For  kinematic  links  between  regions  there are no 
restrictions upon joint  numbering. If there is more 
than one inter-region  kinematic  link,  the dependent 
joint (j) numbering, a s  they appear in  the  data 
deck,  must  be  in  an  increasing  order. -
. .  ,c.: Angle y in  radians ( Fig. 16) 5-19 E14.7 
Angle y cannot equal 0 or  T . The angle y 
describes the orientation of the  link; it is the 
inclination of angle of the link from the vertical 
(Z-axis) . The  number of kinematic link cards 
must  equal  the  number  specified in item l b  of the 
Joint  Control Data Card. 
3. Boundary Condition Cards  (joint  data - one card per 
region  joint) 
a.  Joint  number 
b. Joint component conditions on: 
( a  AT 
(2) A, or  A (Figs. 17 and 18) N 
(3) AR or A Q 
Four different codes a r e  used to  prescribe joint 
component conditions. They are: 
(a)  0 = no displacement allowed. 





(b) I = displacement allowed in the 










EXPRESS JOINT J 







Figure 16. Kinematic link. 
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Figure 17. Description of general coordinate rotation (a! f @) . 
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Figure 18. Provision for local rotations. 
REGION JOINT CONTROL DATA CARDS (Continued)  Column Format 
(c) 2 = Az and A are rotated through an angle 
R - of, ( T / Z  - a )  ; and become A and A 
respectively,  'while a displacement is allowed 
in the A direction. 
N Q' 
N 
(d) 3 = and A rotated  through  an  angle of 
R 
( n / 2  - a) and  become A and A 
respectively, while a displacement is allowed 
in  the A direction. 
N Q' 
Q 
When using  rotation  codes code 2 can exist only a s  A Z 
coding; code 3 can exist only as A coding. Codes 0 
and 1 can  appear  in  either  column 4 or  column 6 ,  in 
addition to  columns 8 and 10. Thus, there are 12 possible 
boundary  conditions when rotation  codes are used ( a = @ 
for  the following table) . (See  Figs. 17 and 18 for  an 
explanation of codes 2 and 3) . 
R 
I Free Edge (possible I An = 0 ,  Normal 
to shear and/ (possible 
or  membrane  loads) to apply  membrane 
0, Fixed 
I = 0, Membrane 
iupport (possible  to 
tpply shear  load) 
N 
' REGION JOINT CONTROL DATA  CARDS (Concluded)  Column Format 
Notes: (i) To  establish  a  datum  for  measuring  displace- 
ment, free body motion must be eliminated  from  tlie. 
structure;  this  should be accomplished by suitably  ipplied 
boundary  conditions, and (2)  the  ability of a depeniient 
joint in a kinematic  link to  prescribe motion  independently 
should be removed by Setting all  boundary  conditions of 
that  joint to  zero (see the  subsequent  subsection,  titled 
New Problem Cards) . 
-
- 
c .  Angle a in  radians 
To be used  only in conjunction  with  a 2 or  3 
code. 
i i -24   Ei4 . i  
Note: There  must be a s  many  Boundary  Condition Cards 
as  there  are  joints  as indicated  in  item l a  of the  Joint 
Control  Data  Card. 
JOINT LOAD DATA CARDS 
i .  Load Control Data Card 
a. Number of joint loads 
. .  , . . :  ' 
1-4 I4 
P Total  number of joint  loads  in  analysis.  (Line 
loads  can only be applied to  region  joints. ) 
b.  Any alphameric  information  (load  description) 5-6 9 16A4 
2. Joint Load Cards  (as  many a s  in  item  la above) 
a.  Problem  number i -5 I5 
Number of loading  problem  in  which  the  line  load 
exists. (See Program Control Card, item 2e. ) 
b. Row identification 6-10 I5 
The  identification is the  location of the  degree of 
freedom  at which the  load is applied.  This is 
obtained by counting the nonzero codes entered  in 
the Boundary  Conditions Cards,  starting with 
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JOINT IOAD DATA CARDS (Concluded) Column Format 
Joint I; T ,  Z, R, !2 Joint 2; T,  Z, . ... . . . etc., 
and  stopping at  the  joint  and degree of freedom 
where  the  line  load.,is  to be applied.  The  location 
number of this degree of freedom is the  information 
necessary. 
e'. 
C .  
. c  
Applied joint  load 11-24 E14.7 
The  input is '27rro times  the  running  load  in 
lb/in.  In  the  particular  case of the  axial 
axisymmetric  load, this is simply  the  net  force. 
For the sign convention, see Figures 13, 14, 15, 
17, and 18. 
-
3. Problem Termination Card 
a. A blank card is required by the  program only if  
there is - no  joint  load  data. 
NEW PROBLEM CARDS 
It may be necessary  to  repeat 'a problem  with  some  different  data. 
This may be accomplished  in  the following  ways: 
I. Loading Changes. With the present program five separate loading 
problems  can be run  simultaneously.  This  applies both to  distributed  and 
line  loads. 
2. Full Data Duplication. If it is desired  to  analyze  a new structure, 
it is necessary  to  submit a  complete new individual  data  deck. If several 
data  decks a re   to  be run with one submission, the decks  must be stacked.  The 
number of full  data  decks  that  can be stacked  in one submission is limited 
only by  time  requirements. 
It is hoped that  the user is now able  to  use  the ASTROS Computer 
Program  to good advantage. It is a  powerful tool, which will  increase  in 
valus, to  the user as he uses it. One of the  more  complex  areas of input is 
the description of topology, especially when  involved  with rotation  codes  and 
joint loads. An illustrative  example of a Y-joint representation is therefore 
presented. (see Fig. I 9  for the  structure and  idealization) . The  idealized 
structure  contains  three  regions  and two kinematic  links.  The  region .. . joints 
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z 
4 . .  . .  
I I 
KINEMATIC  LINKS 
&DE LOAD (lb/ln) 
REDUCED 
IN LOCAL 
Figure 19. Y-joint and idealization. 
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are numbered  from I to  6. Loads are applied  (blade  loads) to  joints 4 and 6, 
and  the  structure is supported at joint I. All regions  must  be coupled. 
The  second card in  each  region  description  (topology card) is as 
follows: 
Region  Joint (i) Joint (Q 
I I 2 
2 3 4 
3 5 6 
The  Joint  Control  Data  Card would contain a 6 in  column 5 and a 2 in 
column 10. 
In this  example,  the  restraint at joint 6 must be rotated  from  the 
fixed (global  system)  to a local  system so that  loads  may be applied.  In 
addition,  joints 2 and 3 and 2 and 5 are   to  be coupled with kinematic links. Thus, 
the  motions of joints 3 and 5 are dependent upon the motion of joint 2. This 
dependeqe will be insured by using two Kinematic Link Cards  and  setting  the 
displacements of joints 3 and 5 equal  to  zero. It should be noted in  this 
particular ca,se that  the  motion of joints 3 and 5 is not being equated  to  zero, 
but rather &e ability  to  prescribe motion  independently is being  removed. 
The data ' r e q ~ r e d   f o r  the  Kinematic Link Cards have the following appearance: 
. . t "; J .. . . (.jl omt olnt . (1 'r  * Note: In a double  link of the  type ! '  
shown in Figure 19, one joint must 
in this example) . 
3 2 . Y l  be consistently independent (joint 2 
5 2 
y2 I 
The  data  required  for  the Boundary Condition Cards have the following 
appearance: 
Joint T Z R 8 Angle - - - - - 
I I 0 I O  
2 1 I I 1  
3 0 0 0 0  
4 I I I 1  
5 0 0 0 0  
6 I 2 3 1  ai 
6 1  
The  Load  Control  Data  Card would contain a 3 in column 4. 
The  external loads (one  load  problem assumed) are applied to the 
structure  through  the  Joint  Load  Cards which, in  this  example, would appear 
as : 
Problem No. Row Load 
i 9 27r Ro x AR Load ( lb/in. ) 
i 12 2nRo x A Load (lb/in. ) 
i 13 2nRo x A Load (lb/in. ) 
N 
Q 
In Appendix B, example  problem i has been set up to  determine  the 
elastic stresses in a gas-turbine  disk  in a thermal  environment.  This  problem 
serves  as  a typical  example of rotating  machinery  problems. 
In Appendix C, example  problem 2 has  been set up merely  to show 
the  complex  geometries  that  the  program  can handle. 
OUTPUT I NFORMAT ION 
The output of the ASTROS program is straightforward;  however, a 
description is in  order  since  the  user should learn  the  signficance of the 
various  checks  that are provided.  In  addition,  familiarity  will be required 
with the  possible  error  messages. It is important  to point out that  the output 
of the  program  will  include a printout of the input data.  This  gives  the  user 
the  opportunity  to  check  whether  the input data were correct. In  the detailed 
description of the  complete output which  follows,  the user should refer to  the 
output of the  problems  in Appendix B as  examples. 
The title page of the output contains all the data from  the  General  Intro- 
ductory Cards, prominently placed, and needs no comment. The next page 
of the output contains  the  first  region  Identification  Card  in  the  center.  The 
following output is then  presented for each  segment  in  this  region  (in  order 
of appearance) : 
i. Contents of segment Identification Card 
2 .  Contents of MAGIC Control  and Segment Sizing  Card 
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3. Contents of Geometric Description Card 
4. Contents of Master Clue Card 
5. The  material  property  table  used  for  the  segment 
6. Cross-section description table 
7 .  Temperature  load  table (if any) 
8. Distributed  load  tables  (printed per problem) 
9. Contents of Nonlinear Cards  (if any) 
io.  Segment influence coefficients (MAGIC output) 
i i  . Segment  stiffness  matrix 
12. Stiffness matrix symmetry check 
13. Segment load matrices 
_. - 
Item 12, the  stiffness  matrix  symmetry  check, is a check upon the 
validity of segment  sizing  and  the  accumulation of round-off .error .   For  
perfect  symmetry  to  exist, it is necessary  to have zeros-above  the  main 
diagonal  and zeros  or  ones below  the  diagonal.  The  amount of e r r o r  induced 
by improEr  sizing  or round-off is related  to  the amount  that  the off-diagonal 
terms  in-the  lower  triangle.differ.from unity. An attempt  should  be  made  to 
~ keep the upper Emit on this difference at one percent (maximum number in 
limit on this  difference  at one percent  (maximum  number  in  lower  triangle 
should be 0. iOi0. . . E Oi) . 
/ lower triangle differ from unity. An attempt  should  be  made  to  keep  the  upper 
1- 
As mentioned  previously,  items 1 through 13 are repeated far all the 
segments within region one. At this  stage  in  the output, the topology of t4e 
segment@ within the  region and the  description of the  intra-region  kinematic 
links are presented. In the  segment topology, the  radius of revolution at 
every joint is also given. - These should be checked at corresponding  joint8 
of'adjaoent  segments  to  make sure that  proper coupling has  been smcifi:iad. 
At this point in  the output the  region  matrices are presented, Given 
in  order are the  region  stiffness  matrix,  the  stiffness  matrix  symmetry  check, 
63 
and  the  region  load  matrices. Again the  numerical round-off, evident  in  the 
symmetry check,  should be kept to a maximum. of one percent ( 8 .  I O I O - .  . .. E.01 
in  lower  triangle) . The output to  this point, ’ that ‘is; setscof items ,I through 
13, segment topology and  links,  and  the.region  matrices,  are’now  repeated a s  
a  group  for  each reg!ion within the  structure. When this is completed,  the 
region topology is presented.  In  this  area,  the  appropriate radii of revolution,: 
are again.,provided for  checks.  .The next items td,be provided by the”output 
a r e  the  descriptions of the  inter-region  kinematic  links  and  the  boundary 
conditions. At external  points of the structure  these  are  physical boundary 
conditions. At internal  points  they  merely  state  the fact that no restraint: 
exists and.the  joint in  question is free, to move.  The  last  column  in  this set 
gives  the  angle a, which is zero unless a  rotation code is indicated. ;It is 
important  to refer to  Figures 17 and 18 once more  and point  out that Q 
represents a  rotation of the  coordinate  system. 
A variety of e r ro r s  can be made in ,submitting input data. Certain 
e r r o r s  may be detected  and  can be signaled by specially  programmed  error 
messages. The messages are mainly self-explanatory and are  presented  as i : 
follows. ’ - - .  . I  
IERROR = 8000 
, . . . .  
I ., 3 
. I  . .  
ONE O F  THE  MATERIAL PROPERTY  TABLES CANNOT BE IDENTIFIED 
AS ISOT, ORTH, OR STIF. 1 ,  
~. 
, . _  . . . ,. . . ‘ a  _ . _ .  - I .  . .. , i , .  _ .  ; : i  , .  . .  I I .  . .  . ,  , _  
IERROR = 8036 
A MATERIAL PROPERTY TABLE NAME FOR A SEGMENT CANNOT. 
: ..BE .FOUNDIN THE TABLE LIST. . , .. , .  . .  , , , . .  . .  
IERROR = 8086 
THE TYPE OF GEOMETRY OF A.SEGMENT CANNOT BE IDENTIFIED 
AS ONE HANDLED, BY THE  PROGRAM 
IERROR = 8087 
THE TYPE O F  MATERIAL PROPERTY TABLE FOR A SEGMENT 
CANNOT BE IDENTIFIED AS ISOT; ORTH, OR STIF. 
. .  3 ;  
IERROR = 8089 
THE WALL CONSTRUCTION OF A SEGMENT CANNOT BE IDENTIFIED 
AS SING, EQUA, UNEQ OR B U N .  
IERROR = 8090 
THE ,TYPE  OF TEMPERATURE INPUT  FOR A SEGMENT.  CANNOT 
BE IDENTIFIED AS THST, NOTH, THCN, :OR THIN. 
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IERROR = 8013 
THE PROGRAM CANNOT DETERMINE WHETHER THE PROBLEM . 
INPUT IS LINEAR OR  NONLINEAR. 
IERROR = 8009 
THE  PROGRAM  CAN  EXECUTE  ONLY  ONE  NONLINEAR PROBIXM 
PER DATA  DECK. 
IERROR = 8031 
". THE LOAD INDICATOR CLUES CAN ONLY BE ZERO, BLANK, ONE 
OR  FOUR. 
IERROR = 8008 
THE PROGRAM  CAN  EXECUTE  ONLY  ONE  THERMAL LOAD 
PROBLEM PER DATA,DECK. 
IERROR = 8001 
THE MAGIC CYCLE HAS GONE PAST STOP BY MORE THAN THE 
PERMITTED VALUE. CHECK TO SEE IF FIXED STEP SIZE IS TOO 
LARGE. , .  
IERROR = 8003 
THE FIRST ST TABLE VALUE (PHI OR S) SHOULD BE OVERLAPPED. 
IERROR = 8006 
THE LAST ST TABLE VALUE (PHI OR S) SHOULD BE OVERLAPPED. 
IERROR = 8007 
THE INTERPOLATED VALUE OF TEMPERATURE FOR THE 
MATERIAL PROPERTY TABLE IS LESS THAN THE SECOND 
TEMPERATURE VALUE. 
IERROR = 8067 
THE  INTERPOLATED VALUE OF TEMPERATURE FOR THE MATE- 
RIAL  PROPERTY  TABLE IS GREATER  THAN  THE  EAST VALUE OF 
TEMPERATURE. 
IERROR = 8101 
THE K l l  STIFFNESS PARAMETER IS ZERO. 
IERROR = 8102 
THE Ki2 STIFFNESS PARAMETER IS ZERO. 
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IERROR = 8104 
THE K22 STIFFNESS PARAMETER IS ZERO. ..i. . . . 
IEHROR = 8105 
THE K33 STIFFNESS PARAIlIE'I'EH .IS ZERO. . .  . 
TERROR = 8106 
THE D i i  STIFFNESS PARAMETER IS ZERO. 
IERROR = 8107 
THE Di2 STIFFNESS PARAMETER IS ZERO. 
, .  
> I '  
IERROR = 8109 
THE D22 STIFFNESS  PARAMETER'IS ZERO. 
IERHOR = S i i O  
THE D33 STIFFNESS PARAMETER IS ZERO. 
IERROR = 8841 
IN THE COMPUTATION O F  THE REGION STIFFNESSES, THE K22 
MATRIX WAS NOT POSITIVE DEFINITE. 
IERSZOR = 8777 
IN  THE  COMPUTATION O F  THE REDUCED FLEXIBILITY MATRIX, 
THE REDUCED STIFFNESS MATRIX IS NOT POSITIVE DEFINITE. 
IERROR = 8797 
IE:PI.RU.R = 8501 
FOR NONLINEAR ANALYSIS, HARMONIC MUST BE ZERO. 
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All  the above error   messages will undoubtedly be caused by erroneous 
,'input data, including  the  ones on matrix  singularity.'  Error 8120 will prob- 
abiy be caused by improper  segment  sizing. E r ro r  8841 could be caused by 
bad segment  sizing,  bad  segment topology, or bad intra-region  links. E r ro r  
8777 could be caused by  bad  re'gion topology, bad inter-region  links, o r  
improper  boundary  conditions. If the  problem is correctly set up and  idealized, 
only an unfortunately  awkward  geometric combination  could cause  matrices 
which are BO ill-conditioned as to   t r ip  one of the  singularity e r r o r s  [ 51. 
After having corrected ,any e r r o r s  so that it is now possible for  the 
program  to  run  to  completion,' the problem  solution  can  be  discussed.  The 
first item  provided which represents  the solution of the problem is the 
structure flexiMlity.matrix.  This  matrix should also be checked  for.  symmetry. 
A f t e r  the  reduced  flexibility  matrix,  the  applied line loads and the  region  end 
deflections are presented per problem.  The  deflection  values are given for the 
region  joints  in  numerical  order,  starting  from joint I. 
Following this output, the  program  prints  the  internal load distribution 
results per segment. First, there is a reproduction of some input data  pre- 
viously  discussed. Next, there  appears a diagram which outlines  the  format 
of the  tabulated  results; see Table I for  interpretation. Below that appear 
the  numerical  results  for  each point where a printout is called.  They a r e  
printed out at a prescribed  interval and per problem.  Special  cases  can  occur, 
depending upon meridional  and wall cross-section  geometries.  Treating the 
block of numbers as a matrix: 
I. The I ,  2 element will be zero  for  cylinders and cones. 
2. The 3,2  and 4,2 elements will be the  same for linear  analyses. 
3. The 6,2  and 7,2 elements will be zero for a nonsandwich construc- 
tion OF a sandwich construction with reinforcement. 
4. The 6,2 and 7,2 and  the 6,6 and 7,6 elements will  be zero for any 
reinforced  construction.  The 6,6 and 7,6 stress calculations a re  not useful 
for  design o r  failure criteria, since such  criteria  are  material dependent. 
However,  they are useful  for  comparison  since  they  combine  all stress 
compohents  in a consistent  manner  characterized by a single  number (see 
V O ~ .  I, p. 3-14, Of Ref. I). 
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. . .  
TABLE I. TABULATED OUTPUT  INFORMATION^ . . .  
1.1 P ~ ( R A D O R I N ) - - - - - - - - " -  9 or s at which calculations ark made 
2 , i  EPSILONTHETA-"-------- d ,  Circumferential strain (in. / i n .  ) 
3 , l  u "" """"""""- circumferential displacement (in. ) 
4.1 v """"""""_"" meridional  dieplacement  (in. ) 
5 , l  w """_""""""" normal displacement (in. ) 
6 , l  OMEGA THETA---------"-  we, circumferential rotation& displacement (rad) 
7.1 OMEGA PHI -------------- w @, meridional rotational displacement (rad) 
1.2 DEGREE ---"----------- 9 expressed in degrees 
2.2 EPSILON pH ------------- E $ ,  meridional strain (in./in.) 
3,2 Q p m  ----- ------------- Q@, meridional transverse  shear stress resultant  (lb/in.) 
4.2 J p H I  "-"""""""" J@, effective  meridional traqsverse  shear stress resultant (Ib/in.) 
5,2 Q THETA -_- -_- - -__-_--  -- Qe. circumferential transverse shear stress resultant (lb/in.) 
6.2 TAU  ZETA PHI= Q/T ------- T&@ = Q@/t. meridional transverse  shear stress ( lbh. ' )  
7.2 TAU ZETA THETA = Q/T - - - - - 760 = Qe/t,  circumferential  transverse  shear stress (lb/in.q 
1.3 PRINT INTERVAL ---------- interval  at which answers  are printed out 
2.3 GAMMA PHITHETA -------- +@e, shear strain (in&.) 
3,3 8 K p H I T H E T A  - - - - - - - - - - - L -  K#e,  specific twist (in./in.) 
4,3 NTHETA-- - - - - - - - - - - - - - -  Ne, circumferential  force  resultant  (lb/in. ) 
5.3 MTfLETA --------------- Me. circumferential bending moment resultant (in.-lb/in.) 
6.3 SIGMA THETA  IN----------- u -9 in. circumferential stress on inside fiber (lb/in. ') 
7.3 SIGMA THETA  OUT --------- ue out, circumferential stress on outside fiber (lb/in,') 
1.4 STEP- - - - - - - - - - - - - - - - - - -  numerical integration step  size 
2,4 K P H I  --- - - - - - -  --------- K + ,  meridional curvature (l/in.) 
3.4  J p H I S T A R  -------------- * J@, nonlinear  effective transverse  shear stress reeultant (lb/in.) 
4,4 N P m  ------------------ N@, meridional force resultant (lb/in.) 
5.4 M PHI ---_--_----------- M@, meridional bending moment resultant (in. -lb/in. ) 
6 , 4  SIGMA pmm ------------- a@ in, meridional stress on iriaide fiber (Ib/in. *) 
7.4 SIGMA PHIOUT------------  u@ out, meridional stress on outside fiber (1bh.Z) 
1,5 RZERO-- - - - - - - - - - - - - - - -  RO. radiua of revolution about Z-axis 
2,5 KTHETA -_----- ---- ----- KO, circumferential curvature (l/in. ) 
3.5 T PHITHETA ------------- Tge, effective in-plane shear stress resultant (lb/in.) 
4,5 N P H I T H E T A  ------"----- N@e. in-plane shear stress resultant (lb/in.) 
6,5 TAU PHI THETA IN --------- r@ e, in, in-plane shear  stress on inside fiber (Ib/in. ') 
7.5 TAU PHI THETA OUT-------- r @  e out, in-plane 'shear stress on outside fiber (Ib/in. ') 
1,6 NUMBEROF CYCLES------" 
2,6 N TEMPERATURE THETA - - - - number of cycles N T B ,  circumferential temperature force resultant (lb/in.) 
3,6 NTEMPERATURE  PHI-------  ,NT@, meridional temperature  force  resultant  (lb/in.) 
4.6 M TEMPERATURE THETA - - - - me, circumferential temperature bending moment resultant (lb/in.) 
5,6 M TEMPERATURE PHI ------ M T @  , meridional temperature bending moment resultant (Ib/h.) 
5,5 M PHI THETA"-""-"--- M@e,  twisting moment resultant (in. -lb/in.) 
6,6 SIGMA F IN ----- --------- aF in, Huber-von Mises-Hencky effective stress (Ib/in.') 
7.6 .SIGMA F O m  ------------- uF out, Huber-von Mises-Hencky effective stress (lb/in.*) 
a .  See Figures 13 through 15 for  interpretation of the above table  variables. 
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This completes  the  program output. The  user is reminded  to  check  the 
continuity of stress resultants  across  segment  boundaries  where applicable. 
In utilizing  the  program, it is frequently  necessary  to relate applied 
: in  the  fixed  (global)  coordinate  system  and any rotated  coordinate  system is 
' given [I, 4, and 61 by the  follo+hgrelationship (Fig. 18) : 
edge loads  to.  the  net  forces  across a section... The  relationship  &tween  forces 





The  relations between  the  net  resultant  external  loads  and  the  magnitudes of 
distributed edge  loads are: .-  
' .  
2?rr, [:@ 
It is frequently desirable to  be able to  calculate  net  forces at a cut 
section o r  a built-id edge directly  from output values  in  order  to  check  the 
equilibrium. The  net  forces  in  terms of the stress resultants  (in  local 
coordinates as they  appear  in  the output) are: 









where  the  sign is chosen  to  correspond with the  edge ( i  or  j)  on which the 
applied  force is desired. 
Equation (3) should be used to  check  the  overall  shell  equilibrium  for 
unfamiliar  geometries  because it is a good check on the  solution  to the 
problem. 
THEORY 
The ASTROS digital  computer  program is an  automated  procedure  for 
the  analysis of rotating  structures  constructed  from  thin  shells of revolution, 
reinforced in various ways, and subjected  to  symmetric  loads.  The  program 
can handle shells having  multiple-connected  joints,  walls of sandwich  construc- 
tion, and thermal  variations through  the  walls.  The  various  shell  geometries 
that  can be handled by the  program are ellipsoidal,  spherical,  ogival, 
paraboloidal, cylindrical, conical, o r  any selected special geometry. 
For  the  general  theory  and  derivations  used  by  this  program,  refer  to 
the STARS II Numerical  Analysis of Shells [ i] . The  additional  equations shown 
in  this  section  express  the  inertial  loads  generated  by  rotation about the  shell 
axis into  equivalent static  loads  such  that  they  can be used by the  program a s  
a static  loading condition. 
The  equilibrium  forces of a typical  shell  element  are shown in Figures 
20 and 21. The  equilibrium  equations  corresponding  to  these  forces have 
been changed from  those  listed  in  Reference I (equations  I-ib, I-IC, and 
I-Id) . The  changes  were  necessary  because of the  addition of the inertial 




Note:  IL = Inertial Load due to  rotation = mass  x radius x ut (perpendicular 
to ~ axis of rotation) . 
IL = (IL) cos $ ILt  = (-IL)  sin @ 
@ 
2 2 
= ( p q  ro x h x rode x rid@) cos @ = ( - p a  ro x h x ro de x rid-$) sin @ 
= riro(pwo ro h cos $ de d@) = - riro(pwo ro h sin @ de d@) 
= r iro ( f l  de d e )  
2 2 
0 
= - r i r o ( f i  de d$) 
Figure 20. Equilibrium - forces. 
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Figure 21. Equilibrium moments. 
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.il 
where  the  prime (') quantities  represent  the  contributions of the  inertial  loads 
caused by rotation about the  Z-axis. 
A sandwich shell  ,segment  with  stiffeners is shown in  Figure 22 with 
the  inertial  loads for each  shell  l*layerll  caused by rotation  about  the  Z-axis. 
These  inertial  distributed  loads  can be represented by equivalent static forces 
per unit area and  separated  into  normal  and  meridional  components a shown 
in Figure 23. 
These  inertial  distributed  loads  for any  shell  layer  can be calculated. as 
where the subscript n represents any desired layer (skin, core, or 
stiffener) . 
The static loads as shown in Figure 23 can be expressed  at  the 
neutral axis of the  shell as seen in Figure 24, using  the following expressions: 
f l '  = Cf:, = f  + f '  + f l   + f l  + f '  1 
$total n n 'is 'i 'c ' 0  'os 
f l  = f; = f '  + f '   + f '  + f l   + f '  
'total n n 'is 'i c b'o 







= Inertial Load caused by inside stiffener 
= inertial Load caused by inside skin 
= Inertial Load caused by core  material 
= Inertial Load caused by - outside  skin 





Figure 22. Shell inertial distributed loads. 
where the is a signed value (+) measured from the basic shell centroidal 
axis to the  centroid of the  shell  layer  (positive  inward) . 
Thus,  the  inertial  distributed  loads for any  shell  segment  can  be 
represented by equivalent static  meridional,  normal,  and  circumferential 
loads  at  the  neutral  axis of the shell a s  follows: 
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h = t. i ts ide stifki;c:/:, smeared thickness 
h = h. ,  i-nside skiR t,l~.~.clcness 
h = t , core thickness 
h = h qutside skin thickness 
0’ 






smeared thickness = 




Figure 24. Equivalent static loads at the neutral axis of the shell. 
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I m - p i q r . h . y .  2 - ~ ~ u o r ~ t ~ y ,  - 2 - 
1 1  1 
4 " 4 n 
-  
= \-pis u; r t y etotal 
 p  ut r.h. y. P, uf, rc tc y, 
is is  is
- 2 - -  
-Pou; ro hoYo - uo os os t y ) cos cp 
The  pr,eceding  logic  was  incorporated  into  the  program as shown in 
Appendix .D. 
George C. Marshall'  Space  Flight  Center 
National  Aeronautics  .and  .Space  Administration 
976-40-00-00-00 





STRESS CALCULATIONS FOR REINFORCED CASES 
Several  items  must be  noted when a stress analysis is performed upon 
a reinforced  construction by use of the  current  program. Some of these  items 
can be treated as  rules, and  some  require  engineering judgment. The rules 
to  remember are: 
I. The hoop and  meridional stresses output in a waffle reinforcement 
are  rotated 45 deg  from  the e and + coordinates and are actually in the 
waffle rib  directions. 
2. For a reinforced section, the in-plane shear stress is calculated 
for  the  meridional  face only. This  means  that  for a construction  such as that 
shown in Figure A-I,  T outer is calculated  at point I ,  and T inner is 
calculated  at point 4. 
$0 46 
Items  requiring  engineering  consideration in the stress  analysis  are: 
3. If a  shell  cross  section  contains  materials of different  properties, 
either  actually or because of differential  thermal loading, there is no 
guarantee  that  the s t ress  at the  extreme point is the  most  critical.  The  analyst 
should  decide  whether  a  check of 'stresses is 'necessary  at  each location  where 
material  properties change. . . 
4. For a structure  such as that shown in  Figure A-I ,  the  program 
will calculate  direct  stresses  at points I, 4, 3 and the bottom point below 3 
and in-plane shear stresses at points 1 and 4. Whereas  strain is linear  from 
point I to  point 4, there is a stress discontinuity at point 2.  This will occur 
even if the  material  properties of the  shell  and  ribs  are  the  same,  since  the 
governing  Hooke's laws differ [ 71. The  analyst  must  again  decide  whether  the 
stresses at point 2 could be more  critical than  those  at  the  extreme  points. 
Any additional stress calculations  that  the  analyst  decides  to  make on 
the  basis of itgms 3 and 4 should  always be made  using  the  program  strain  and 
curvature output .and Hooke's laws  for the ring,  stringer, or  shell [7] . This 
can be done automatically  in  the  program by  providing  the correct t distance 
(instead of the  extreme) and by setting  the stress clues  for  the  appropriate 
Hooke's laws ( segment  card  data sets 10 and 11) . 
Figure A-1. Special stress case. 
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APPENDIX B 
EXAMPLE PROBLEM 1 .' 
The following  problem,. taken  'from  Reference 8, will serve as a good 
example on  how t o  set up  the AST.ROS program  for  determining  the  elastic 
stresses in a gas-turbine  disk  in a thermal environment. 
. , .  . 
The  disk  has 50 turbine  blades  and,is being rotated at i i  500 rpm. 
Figure B-i shows the disk profile; temperature  distribution,  variation of the 
physical  properties of the disk  material as a function of,the  radius,  mass 
density of the disk,  turbine'blade  properties,  and:blade loading on the  disk 
rim. Fi&e.B.-2 shows how the  disk was idealized  into,various  segment 
geometriss  with.their  temperatwes  and  physical  properties. Figure B-3 shows 
the segment  joidt  numbering,  segment  numbers,  and  region  joint  numbering 
associated,with the, idealized  problem. . .  . .  . .  
In Figures B-4 and B-5 the  results.of  the ASTROS program are corn- 
pared with the re.sults of the  finite  difference  method of Reference 8. In this : 
reference  four independent solutions were calculated  using 6 ,  i o ,  18, and 27 
finite difference  stations,,  respectively; as the  number of ,stations  was  increased, 
the  accuracy of the solution  increased. .., The  solution with 27 finite  difference 
stations apd the ASTROS  soku$ion with only eight  segments  correlate  very 
closely, as seen  in  Figures B-4 and B-5. > ,  .- I 
The input data and format are shown in  Table -B-i ,  and  the output 






'ISK !\_CENTER SHAFT 
c 0 L A D E  
0 2 4 6 8 1 0  0 2 4  6 0 1 0 .  
RADIAL DISTANCE (in.) 
Disk 
y disk = 0.26807 Ib/in. ; g = 32.2 ft/sec2 = 386.4 in./sec' 
p mass density = y disk/g = 0.00069377 lb-sec'/in.' 
-
Turbine  Blade 
WT = 0.4892 lb  (weight of one blade) ; NB = 50 (number of blades) 
w,,= I1  500 rpm = 1204 rad/sec ; R = 10 in. (radius to c.g. of blades) 
cg 




- (50) (10) (1204)' = 917  639.9 lb 
Figure B-I.  Disk profile, temperature distribution, and variation Of 
physical propert.it.s of (disk 171;3.11?!-;3.1 *:,. fwction of radius, ' 
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Figure B-2. Problem- I geometry. 
REGION 
3 4 5 1 7 8 9 
917,639.9 
SEGMENT  JOINT  NUMBER 
0 SEGMENT NUMBER 
REGION JOINT NUMBER 








. . . .  : :  .; . . - . _ .  . . .  , , . .' :! ; . '_. ? .  
REFERENCE 8 WITH 6 FINITE  DIFFERENCE  STATIONS 
REFERENCE 8 WITH IO FINITE DIFFERENCE  STATIONS 
ASTROS SOLUTION AND REFERENCE 8 WITH 27 FlNLTE 
DIFFERENCE STATIONS 
0 1 2 3 4 5 6 7 8 9 0 
RADII ( i n . )  





REFERENCE 8 WITH 6 FINITE DIFFERENCE STATIONS 
REFERENCE 8 WITH 10 FINITE DIFFERENCE STATIONS 




i 1 I I I I I I I I I 
0 1 2 3 4 5 6 
7 \  8 
9 10 
RADII (in.) 
Figure B-5. Problem 1 tangential stresses.  
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IOENTIFICATION 
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TABLE B-I. (Continued) 
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APPENDIX C 
EXAMPLE PROBLEM 2 
Example Problem 2 is an  extension of Problem 1 in which two regions 
have been added. The  additional regions are composed .of various  geometric 
shapes  devised  merely  to show the complex geometries  that  the  program can 
handle. The  additional geometric  shapes are constructed of equal and unequal 
face sheet  thickness sandwich segments with some s t r i n s r  and ring stiffeners. 
Figure C-1 shows  the  overall  geometry of the problem, and Figures C-2, 
C-3, and C-4 show the individual region geometries.  The  segments which have 
stiffeners are shown in  Figure C-5 and Figure C-6 with their respective . 
stiffener gwometries and parametric  values shown. The  resulting topology is 
shown in  an  idealization  in Figure C-7, along with the kinematic link informa- 
tion.  The  kinematic  links were included in this problem to demonstrate how ' 
to  use  them; both kinematic  links could have been avoided if the  centerlines of 
the joining segments had been made to coincide. 
The input data and format are  shown in  Table C-I, and the output 
solution is given in Table C-2. 
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Figure C-1. Problem 2 overall geometry. 
v 
I " . 
0 . 5 h . l  2 . 0 i n . I  3 .Oin.  9.Oin. 6.Oin.l 7.Oin.l 8 . O i n . I  8 .5 in .  4 . O h - . l 4 . 5 i n J 5 . 0 i n 4 5 . 5 i n .  
I I I 1 I I I I I I 1 
Temperature 6 i 5  6 7 j  6 8 i  618 7i,3 7[2 7 9  79i  8gi  1050 
Thlcknees 4.375 4.375  3 .84  3 .275  2 .97 2 . 6 8  2.372 2 . 2 1  2.155 2.70 2 .38  i .  9 i  
PotnnonfnRatio 0.333 0.333  0.333  0.335  0.336  0.338 0.34 0.34 0.352 0.Q66 0.375  0.386 
(% I ir T 
(in. ) ,  I I I - I I I I I  I I I I 
I 1 I I -  I I I I  I I I I 
Young% Modulue 23 .5   23 .5   18 .7   1 i .4   15 .8  












I ,-1.911N /- 
SOLID  TOROIDAL  SEGMENT c - ”. 
~ ,” 
Figure C-3. Problem 2, region 2, geometry. 
Figure C-4. Problem 2, region 3, geometry. 
STRINGER SPACING 0.9166 
(214 STRINGERS) 
TAPERED STRINGER 
SECTION A -A SECTION B-B 
Segment  Card 
11 Calculations 
( A )  d inring = 0.955 
(B) d Outring = -0.955 
(C) d instr = 0.955 
( D )  d Outstr = -1.205 
( E )  Sring = 0.0 
(F) Sstr = 0.9166 
(G) t* ring = 0.0 
(H) t* = 0.25 str 
(1) Yring = 0.0 
- 
(J) qing = 0.0 
(K)  Ystr = -1.08 
(L) Ctr = 0.0682 
(M) hi = 0.25 
(N) t =  1.41 
(0) h = 0.25 
Segment Card 
6 Calculations 
( A )  K i l =  13.217 E06 
(B) Kiz = 4.401  E06 
(C) Kzz = 14.819  E06 
(D) K33 = 8 .808  E06 
( E )  Dii = -9.174  E06 
(F) Di2 = -3.055 E06 
( G )  Dzz = -11. 051 EO€ 
(H) D33 6. 116  E06 
(I) cii = 0.0 
(4 Czz = -1.731 E06 
Segment  Card + 
ii Calcutations ' 
.(A) d inring = 0.955 " 
(B) d Outring = "-0.955 
(C) d inst, =' 0.955 
(D)  d Outstr = -1.705 
(E) Sring = 0.0 
(F) Sstr = 1. 0 
( G )  t* ring = 0.0 
(H) t* str = 0.25 
(1) Yring = 0.0 
- 
(J) tring = 0.0 
(K) ystr = -1. 33 
(L) Ctr = 0.1875 
(M) hi = 0.25 
(N) t =  1.41 
(0) h = 0;25 
- 
Segment  Card 
6 Calculations 
( A )  Kii = 13.217 E06 
(B) Kt2 = 4.401 E06 
(C) Kzz = 17.623 E06 
( D )  KB = 8.808 E06 
(E) Dl1 = -9.174  E06 
(F) Diz = -3.055 E06 
(G) Dzz = -17.175 E06 
(H)  D ~ s  = 6.128 E06 
(I)  c,i = 0.0 
(4 Czz = -5.860 E06 
Tote: A l l  dimensions 
are in inches. 
Figure C-5. Problem 2, segment I, stiffness parameters. 
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t 
SECTION A -A 
Segment Card 
I1 Calculations 
(A) d  inriig = I .  205 
(B)  d Outring = -0.955 
(C) d instr = 0.955 
(D) d Outstr = -1.705 
(E) Sring= 1.0 
(F) Sstr = I .  0 
( G )  t* ring = 0.25 
(H)  t* str = 0.25 
(1) yring = 1-08 
( J )  tring 
(K) Ystr = -1.33 




(M) h i =  0.25 
(N) t = 1.41 




(A)  Kit = 14.686 E06 
(B) Kl2 = 4.401 E06 
(C) K22 = 17.623 E06 
(D)  K33 = 8.808 E06 
(E) Dl1 = -11.051 E06 
(F) Dl2 = -3.055 E06 
( G )  D2z = -17.175 E06 
(H) D,, = 6.130 E06 
(I)  C l i=  1.586 E06 
(4 C22 = -5.860 E06 
Note: All dimensions 
are in  inches. 
Figure C-6. Problem 2, segment 2, stiffness parameters. 
. .  
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. 3 0 7 3 4 9 9 * 0 2  4 1  
~ - .1278099-03 . -  . r0000QOL. ." 
.000UQ00 .0000000 
. . . .  9~0PpriPDJJ . . . . . . .  "L-- 
. 0 0 0 0 0 0 ~  ,0000000 
w OOGbUOU ~OOOOOOQ 
~ 0 0 0 0 0 0 6  .0000000 
. . .  
, ,-=- 
TABLE C-2. (Continued) 
____ . . _  - . - - ._ -. . _" . . . . . . . . . . . .  ,aos.L-~n nuMic.~- .I"- .. ................. _ .  
.. . . . .  " . . . .  ........... -. . " .... " ... ". . . . . . .  
_ .  . 
PROBLEM NUMBER I 
















LPJPPGDO .. .. - ... ~ o n a ~ n a "  
. .  
. .  
TABLE C-2. ( Continued) 
N TABLE C-2. (Continued) 
.327278b+O2 
.0000000. 
. o o o w o o  
.... " *.Q.O?ooQmQ" . - 
. JOi lU i rOO 
.OOGOCJOG 
. l jooo~uo 
... . .  







I 3 3  
.ooooooo 
* 0 0 ~ 0 0 0 0  :
- ~ ~ Q ~ . Q p O Q O  ....... 
~ O O O O O G O  
*ooooooo 







. . n 0 0 M Q M  
.ooooooo 
.. ._ . -. .. - - ..... " .......... 
PROBLEM NUMBER I 
..... - ....... 
: I ' . .  







*50011J00+00 *5000000-01 .327278b+02 
rOOOOOOO 
*iloiiuouo 01535333+GY 






4 0 1  
* 8 9 7 9 9 1 4 * 0 4   - * 3 1 0 4 8 2 9 * 0 9  rOOOOElOD 
*175343Q*OC - r1536821+05 
* l85929S*OL  * *13658b0*05  
* O O O i l U O 9  
r 0 0 0 0 U 0 ~  
." . 
I 
TABLE 0 2 .  (Continued) 
TABLE C-2. (Continued) 
~ _" ... - " - .. - ................. - - -. - - .......................... .......................... 
- . - . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . .  . . . .  ....... 
TABLE C-2. (Continued) 
- ........... - " . .  . . . . .  ............ ......................... 
P R O ~ L E M  NUMBER ' 1  . 
- 
TABLE C-2. (Concluded) 










The MAIN control  program  (Table D-I) and subroutines RIEMAN 
(Table D-2) and LEBEGE (Table D-3) were  the only subroutines that needed 
modification in the STARS I1 Computer Program.  Therefore,  the ASTROS 
Computer Program  has  the  same  program layout a s  in  Reference 3 except  for 
MAIN, RIEMAN, and LEBEGE. A l l  other subroutines can be found in 
Reference 3. 
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TABLE D-I. MAIN CONTROL,PROGRAM 
A IO 
A .  -20 
A 3 0  
A 40 
A 50 
A 6 0  
A 7 0  
k 9 0  
A 1 @ 0  
A 1 1 0  
A 1 2 0  
A 1 3 0  
A 1 4 0  
A 150 
A 160 
A 170  
A 100  
A 190 
A 2 0 0  
A 2 1 0  
A 2 2 0  
A 230 
A 2 4 0  
A 2 5 0  
A 2 6 0  
A 2 7 0  
A 2 0 0  
A 2 9 0  
A 300 
A 3 1 0  
A 320 
A 330 
A 3 4 0  
A 350 
A 360  
A 3 7 0  
A 380  
A 3 9 0  
A 400 
A 4 1 0  
A 4 2 0  
A 4 3 0  
A 940 
A 4 5 0  
A 4 6 0  
A 4 7 0  
A 4 8 0  
A 4 9 0  
A 5 0 0  
c eo 
<.-. 7 
'TABLE D-i .  (Continued) 
A 510 
A 5 2 0  
11 530 
A 5 Y O  
A 5 5 0  
A 5 6 0  
A 5 7 0  
A 580 
A 590 
A 6 0 0  
A 6 1 0  
A 4 2 0  
A 6 3 0  
A 640 
A 6 5 0  
A 6 6 0  
A 4 7 0  








A 7 6 0  
A 7 7 0  
A 7 8 0  
A 790 
A 8 0 0  
k 8 1 0  
A d 2 0  
A B 3 0  
A b 4 0  
A b 5 0  
A b 6 D  
A 8 7 0  
' A 6 8 0  
A 690 
A 9 0 0  
A 9 1 0  
A 9 2 0  
A 9 3 0  - . .A."y.q-o. - 
A 9 5 0  
A 9 6 0  
I 9 7 0  
A 980 
" CALL ET!!!""- .. ....._ , ._ . A 9 9 0  
S T O P  A l O O O  
. . 
ai010 








A 1  100 
A I  I10 
a1120 
A 1 1 3 0  
A I 1 4'0 
A I  150 
A 1  160 
A I  1 7 0 .  
A I  180 
A 1 2 1 0  





T A B U  D-2. (Continued) 
. . .. " - ... GO T O  170 
C ' G E O N E T R Y  lDENTlFlCATlON SEAkCh 




C- 560 " 
C 570 













































TABLE D-2. (Continued) 
21 
. , 22 
23 












C 1 0 9 0  
C I  100 
L I l l O  
CIlZO 
c1130 





























C 1 4 3 0  
c1'190 





c l o a o  
. .  C 1490 
,283 . 

































. . . . . . . C,lfIlO 
, . .  c1a20 
, >  , . , , C1830 c 1 aYo 
. .  .c I as0 . .  . . :  . . 
c1860 
" &  C l  8.70 , 
, c 1880 
- .. . 
' C1900 
C 189.0 
. E . . I 9 3 0  .. . . . 
c1940 
C I960 
C I  9 5 0  

TABLE D-2. (Continued) 




C 2 6 2 0  








. -  
- . . " _  ~ 
c 2 7  0 0 




























c 5 0 0 0  
TABLE D-2. (Continued) 
XNUPT=ETHET*XNUTP/EPHI " '. 
G O  T O  8 2  
E P H I s X L A Y f R I Z )  
8.1 E T t i E T n X L A f E k ( 1 )  - .. " 
' XNUTP=XLAYEHIJ )  " - .  ' 
. .  , C3390 
C3400 
. .  
. .  . . .  . 
TABLE D-2. (Continued) 
SUbHOUT I NE K I  EHAN 





































C GEOHETRY  FOR  CYLINDER 
G O  ro 93 - -" ___- c 3 9 x .  
c4000 
288 
' TABLE D-2. (Continued) 
. . -. . . . 
9 0  HO=Gl .. . . 
. .  
C 
91  
. " .. . . . . 5UC)ROUTINE  RIEHAN . . . .  . . - . . ". 
c 4 0 1 0  
C40'26 ' 
C 4 0 3 0  
c 4 0 4 0  
CY060  
C 4 0 7 0  
' c r o e o  
CY090  
c4100 
c 4 1 1 0  
- c 4  120. 
c 4  1 4 0  
C Y 1 4 0  
c 9 1 5 0  
C4  170 
c w s o  
C?.l.?O- 
C 
-- T 2  
. . .  
. .  
.." . 
9 3  
C -  
C 
-- 9-4 
9 5  
96 
. .  
9 7  
. 9 9  
9 8  
. .  
PARABOLIC GEOMETHY 
S N = S I N ( P ! I I  I 
C S - C O S I P H I )  , 
TANmSN/CS 
c 4 2 1 0  
c 4 2 2 0  
C'iZ30 
C 4 2 4 0  
PUTS THEM I N T O  THE S f  ARRAY A S  S T A T I C . L O A D S  - - - - -  





.. " . . 
c4510 






















C t740  
C4750 
C4760 
C t770  
















c ? e l o ,  
3 s l l ' t ~ l 1 2 s l 1 2 1 s  K G E O N  C4950 
415926-PHl) ' C4960 
C4990 
C4900 
N ( C I  I c5000 
N(3,141592t-PHI)  C4970 
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TABLE D-2. (Continued) 
i 
SUbROUTlNE KIEHAN 
! '  
GO TO 115 
OIS=YOARl 
D O S = h M S l Y B A U f l )  
HOlSrRO-DIS 
ROOS=HO+F05 
NO STIFFENER ON S K I &  ELEMEN1 
GO T O  121 
C CONICAL,  P ATE 
123 ROl=RO-YBRI*SIN 
ROC=RO-YPHC*SIN 
R O O ~ R O - V b R O * S 1 N  
60 T O  1 2 5  
C CVL I NbER 
I 2 9  ROI=RO-VBRI 
ROC-RO-VRRC 
125 
." - . - 
, 126  















C 5 1 6 0  
c5150 
C5170 
































c S.U? 0 
29t  
TABLE D-2. (Continued) 
" ..  .. 
XPRESIKbl 
- XHONT I K h I  
I B A R O  
"" . . 
XHOhTlKNI 
. 1 1  5926-PH I 
LKLmLhERD 
S T  I LKL  .LL 
"" 
132 ST(LKL8LL 













































TABLE; D-2. .(Continued) 
. .  C6110 C 6.1 2.0 
C6 130 
Cb 1110 










. .  -. .. - . " . . . . .  ...... __ -
. . . . . . .  -. . - 
........... - - .. " . ." .. FP 250 - 




. . _" C63lO 
C63ZO 
. .  c a a o  
. - ........ . . .  iK2 2" XK 1 I 
I F  ( I T Y P E . E Q . 2 1  G O . 1 0  137  C633O 
E6340 
293 . 
TABLE D-2. (Continued) 
. .  
. .. . 





















C67  10 
E6720 
C6730 









C 6 b 3 0  
C6840 
C 6 8 5 0  

















1 0 0 . s ~  
G O  TO 
1 4 R  T I I a S T  
T I K I T 1  
T U K = T  I 
TOO-T  I 
TABLE: D-2. (Continued) 
S U b R O U T I N E  H I E M A N  
C 7 0 1 0  
C 7 0 2 0  
C 7 0 3 0  
C70'10 
C 7 0 5 0  
C 7 0 6 0  
C 7 0 7 0  
C 7 0 8 0  
C 7 0 9 0  
C 7 1 0 0  
C7 I I O  
C 7 1 2 0  
C 7 1 3 0  
E7 I40 
C 7 1 5 0  
C 7 1 6 0  
C 7 1 7 0  
C7 I80 
C 7 1 9 0  
C 7 2 1 0  
C 7 2 0 0  
C 7 2 2 0  
C 7 2 3 0  
C 7 2 5 0  
C 7 2 4 0  
C 7 2 6 0  
C 7 2 7 0  
E 7 2 9 0  
C 7 2 8 0  
C 7 3 0 0  
C 7 3 1 0  
C 7 3 2 0  
C 7 3 3 0  
C 7 3 4 0  
C 7 3 6 0  
C 7 3 5 0  
T I * H I * T E H P B  C 7 3 7 0  
C 7 3 8 0  
I * H I  * T L M P B - .  C 7 3 9 0  
C 7 4 0 0  




C 7 4 5 0  
C 7 4 6 0  
C 7 4 8 0  
C 7 4 7 0  
C7q90  
C 7 5 0 0  
. .  
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TABLE D-2. (eontinwd) 













































- . .. 
. . . . C78.70 
." . - - - - 
... . C7950 
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TABLE D-2. (Cokltinued) 
SUbROUTINF. klEMAN 
. .  
159 CON1 I IUUE 
160  CALL O I F F E P  
. 161  CONTINUE 
GO TO 5 6  
NERHOk=l I 
G O  T O  1 9 2  
' ' . NERRoH=lZ 
G O  T O  192 
1 6 4  lERROH=BCO3 
N E R R O R =  13 
G O  T O  1 9 2  
h E H 9 0 R = 1 ' i  
G O  T O  I Y Z  
N E H R O H x  1 5  
GO T O  1 9 2  
N E H R O K =  l o  
G O  T O  I Y 1  
168  IERROH-8909 
NLRROKrB 
G O  T O  1 9 2  
NLRRORx9 
170 I E R R O R = 8 O J b  
N E R R O H 9 2  
171 1 E R H O K = 8 0 8 6  
G O  T O  l V 2  
IJEHHOic=3 
G O  T O  1 9 2  
1 7 2  IERHOR=8087 
t4ERROH=1I 
6 0  T i l  1 9 2  




I 6 3  IERHOk=8002 
165 IEkHOH=[l00h 
I66 I E R R O K = H O G ?  
167  lEl?HOH-8008 
1 6 9  lERROH=0031 
G O  r o  1 9 2  
T O  1bB 
TO: 159 
c a o  IO 
. " .-C-8020 
C8030 
CBOL(0 
C 8 0 5 0  
C8060 
C8070 











c e 2 0 0  
E8 190, 






















C B I ( 3 0  
C8440 
C 8 4 5 0  
CB'l40 
cer (70  
C6q90 
C8500 
. .  
" 
c a q a o  
/ 
TABIS D-2. (Continwd) 












' C 8 6 Y O  
C8630 
C0650 
- ." - "_ - " . . . .- . .. . . - __ 
. .. 
ceczo 
. . - - - - - . . . 
ca66.0 
~ 8 1 7 0  
c8k;eo 





























C V O O O  
- " -cn7'60 
ca..rso 
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II11111I I 11111 1111.11 I1 11 
h 
TABLE D-2. (Concluded) 
S I J r l K O U T I N E   H I E I I H N  
N E R R O H = 3 5  
. .  
. tD"T* 192 - -. . . . - . 
1 9 1   I E R R O R - B l l l  
1 .HERROR*36- 
207 









C Y 0 2 0  
C Y 0 9 0  
C 9 0 3 0  
C Y U 6 0  
C 9 0 5 0  
C Y 0 7 0  
C 9 0 8 0  
C Y 0 9 0  
C 9  100 
C 9 1 1 0  
C 9 1 2 0  
C Y  130 
C 9  1 'IO 
C Y  160 
C V l S O  
C 9  I70 
C Y  180 
C 9  190 
C 9 2 0 0  
C Y 2 1 0  
c9120 
C Y 2 3 0  
C 9 2 ' I O  
C 9 2 5 0  
C 9 2 7 0  
C 9 2 6 0  
C 9 2 8 0  
E 9 2 9 0  , 
' C Y 3 0 0 ,  
C 9 3  IO 
C 9 3 2 0  
C 9 3 3 0  
c93y0 
C 9 3 5 0  
C Y 3 6 0  
C 9 3 7 0  
C 9 3 9 0  
C9' IOO 
c v q 1 0  
' C ~ ~ F I O  
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TABLE D-3, ' SUBROUTINE LEBEGE 
D I M E N S I D N  l L A Y R ( I 0 )  
D I H E I J S I O N  S T 1 7 0 , 3 J J s  X L A Y E H I I U )  
O l M E N S I ~ N  KLUEI '11  
D IMENSION LHERD(S1, L P R E S I S ) .   X P L  
D I M E N S I O N   L M O N T ( 5 1 ,  X F I O N T I S I  
DIMENSION O H A G X ( 5 1  
D O U B L E  P R E C I S I O N  YNEW,YPREO 









- P '  8 0 -  
P 90 
P 100 









P 210  





















P .  990 
P 960 





r 180  
p 230 




I F  IJNSC.LE. I . IST(JAH)I  G O  T O  3 
JAMrJAH+ I 
3NSC= 1 
' 3 CON1 I NUE 
' I O U T = l  
I N €  LEBEGE 
P 5 1 0  
P 5 2 0  
P 5 3 0  
P 540 
P 5 5 0  
P 560 
P 5 7 0  
P 5 8 0  
P 590 
P 600 
P 6 2 0  
P 6 3 0  
P 640 
P 6 5 0  
P 6 6 0  
P 670 
P 6 8 0  
P 6 9 0  
P 7 0 0  





'p 756; ... 
P 770 
P 7 8 0  
P 7 9 0  
P 8 0 0  
P e 2 0  
P 8 1 0  
P 830 
P 840 
P 8 5 0  
P 8 b O  
P 870 
.P  880'  
r 8 9 0  
P 9 1 0  
P 9 0 0  
P 9 2 0  
P 9 3 0  
P 940 




P 9 8 0  
P 1000 
TABLE D-3. (Continued) 
SUOROUTINE  LEBEGE 
C TEHPERATUHE LOA0 IDENTIFICATION 
"" ". . . . .... 
- "" uu-1-b 1 - I 14 
I F   ( R A N K I N . E P . T H E R f l ( l I )  GO T O  1 6  
_________ ." . . . . - 
I~ CONT.fNUE- " . ... . . . .- ." . 
- .,.6. i-I."""- .. - "" - - - - - G O  TO 1 6 7  
C L I N E A R  OR N O N L I N E A R   N A L Y S I S   I D E N T I F I C A T I O N  ". D'o' 1.3"- . - - 
I F   I E Q U A T E ( I ) . E P ~ A N A L Y S I  G O  T O  1 8  
~ _ .  ~ - "  
"" " .. 
G O  T O  1 7 9  
19 
. . . . . . . . 
pi010 
F1-02-0. 
P 1 0 3 0  
P IO40 
P I O S O .  
P 1 0 6 0  
P 1 0 7 0  
P l 0 8 0 .  
p1090 
P I  100 
P I   1 1 0  
P 1 1 2 0  
P 1 1 3 0  
P 1 iro- 
p1150 
P 1 1 6 0  
P 1 1 7 0  
P I  180 





. . . . . . . . . 
. .  





P 1 2 4 0  
p1250 
p1260 
P 1 2 7 0  
P l Z B O  
P 1 2 9 0  




P 1 3 6 0  
P 1370 
P I380 
P 1 3 9 0  
P 1 400 
P 1 4 1 0  
p1420 
P 1 4 3 0  
P 1440 
P 1 4 5 0  
P 1 4 6 0  
p1470 
p1480 
P 1 4 9 0  
r 1 3 0 0  
r I 320 
P 1 s o 0  
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TABLE D-3. (Continued) 
SUt3riDlJl Ikt L F  b t U E  
I 
3 03 
























































, .  TABLE D-3. (Continwd) 
'P2520 
P 2 5 1 0  
P 2 5 3 0  
P 2 5 4 0  
P 2 5 5 0  
P 2 5 6 0  
P 2 5 7 0  
P 2 5 1 0  
P 2 5 9 0  
P 2 6 0 0  
P26 IO 
P2620 
P 2 6 3 0  
P 2 6 4 0  
P 2 6 5 0  
P 2 6 6 0  
P 2 6 7 0  
P 2 6 8 0  
P 2 7 0 0  
P 2 6 9 0  
P 2 7 1 0  
P 2 7 2 0  
P 2 7 3 0  
p27y0 
P 2 7 5 0  
P 2 7 6 0  
P 2 7 7 0  
P 2 7 8 0  
P Z 7 9 0  
P Z 8 0 0  
P 2 8 1 0  
P 2 8 2 0  
P 2 8 3 0  
P 2 0 4 0  
P 2 8 5 0  
P 2 8 6 0  
P 2 8 7 0  
P 2 8 0 0  
P 2 8 9 0  
P 2 9 0 0  
P 2 9 1 0  
P 2 9 2 0  
P 2 9 3 0  
P 2 9 4 0  
P 2 9 6 0  
P 2 9 5 0  
P 2 9 7 0  
P Z 9 8 0  
P 3 0 0 0  
P 2 9 9 0  
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. P 3  100 
P 3 1 2 C  
P3 1 3 C  
P 3  I40 































~ 3 0 9 0  
~ 3 1 1 0  
~ 3 1 x 1  
r3330 
~ 3 3 6 0  
r3w0 
p3'tao 

















































~ 3 9 1 0  
~ 3 9 5 0  
p399.0.. 
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TABLE D-3. (Continued) 




GO TO 1 8 A , 8 9 , 8 9 , 8 9 , 8 9 1 ,  L Z A P  
8 8  K N K 1 3  
HIn.1 
G O  TO 90 
0 9  K N K 8 K N K + b  
9 0  00 9 1  N l x  
f l I M a M I M + l  
9 I LHERD I 11 I 14 
L M E X U ( f l 1 M  
I ,KNK 
~ = L M E R O l M l l ~ l l + L S T l ~ J I  I 
-~ l = L M L H O I M I H I + N S A V E  
L P R E S ( f l 1 H ) = L r 4 E R D ( n I r ~ ) + 1  
L ~ O N T ( M I M l = L I I E H i ) ( I 4 1 ~ 1 ~ + 2  
I F  ( L Z A P - I J P R O B J  8 7 , 9 2 , ? 2  
C I F  T H I C K - 4 ,  THE E L E t l E r J T   I S   S T I F F E N E D   W I T H   E I T H E R  RWAF OR S T 1 0  
C 
I F  I T H I C K . N E . 4 )  60 TO 1 0 9  
I F  T H I C K = l  , Z  Ol? 3 THE ELEi4EF(T H A 5  tJn S T   I F F E N E H  
Y B A R l ~ 0 . O  
T I S Z = O . O  
raAwo=o.o 
T O S Z = 0 . 0  
I F   I S T T A Y = I ,   T l l C   E L E M E N T  IS S T I F F E N E D   w l T H   S T R I N G E R S   A N D / O R   K l N G S  
I F  1 5 T T A R = 3 ,   T H E   L E I I E N T  IS S T I F F E N E U   H I T H  45  DEGREE  WAFFEL  IRWAF)  
I F   1 I S T T A B . E Q . I )  GO TO 96 
T E S T I ~ S T ( I J C O N T + S , L L I  
RWAF S T I F F E N E D  
I F  I T E S T L )  9 3 , 9 4 9 9 4  
9 2  LL-NP+I 
. -  
9 3  Y B A R O I S T I N C O N T + ~ ~ L L I  
T O S Z = S T l N C O N T + 6 , L L )  
G O  TO 9 5  
T I S Z = S T ( N C O N T + 6 , L L )  
9 4  Y B A R I = S I ( N C O N T + S , L L )  
9 5  H I Z = S T I N C O N T + 7 n L L )  
, H O Z = S T I N C O N T + V , L L )  
T Z = S T I N C O N T + B , L L I  
GO TO 103 
C S T 1 0   S T I F F E N E D   ( S T R I N G E R S   A N O / O b   R I N G S )  
96  T E S T I = S T ( N C O N T * Y s L L )  
~ T E S T Z = S T ( N C O N T * L I , L L I  
. 
9 7   Y B A R D i S T l N C O Y T * 9 s L L l  
T O S Z a S T I N C O N T + 1 3 , L L )  
G O  TO 9 9  
9 8  Y B A R I = S T I N C O N I + P a L L l  
T I S Z = S T ( N C O N T + I O a L L l  
I F   I T E S T I I  9 7 , 9 9 0 9 8  
. .  . 
9 9  I F   I T E S T Z )   1 O J , l 0 2 , 1 0 1  
~ 1 0 0 ' Y E ~ R O ~ S ~ T I I J C O N T * I I ~ L L l  
T O S Z = S T I N C O N T + l Z t L L )  
P4010 
PtOZO 
P 4 0 3 0  
P Y O Y O  
P 4 0 5 0  
PL(Ob0 
P 4 0 7 0  
P Y 0 8 0  
P 4 0 9 0  
PY 100 
P Y I I O  
P Y  1 2 0  
P 4  130 
PY 1 YO 
P 4 1 5 0  
P Y  1 b o  
P Y  170 
p q l e o  
P 4 1 9 0  
P4200 
P 4 2 1 0  
P Y Z Z O  
P Y 2 3 0  
P Y Z S O  
P 4 2 4 0  
P 4 2 6 0  
P 4 2 7 0  
P Y 2 9 0  
P Y 3 1 0  
P 9 3 0 0  
P4320 
P Y 3 3 0  
P Y 3 4 0  
P Y 3 5 0  
P 4 3 6 0  
P 4 3 . 7 0 -  
P Y 3 8 0  
P 4 3 0 0  
p4y00 
P 4 4 1 0  
PYYZO 
P Y 4 3 0  
p44y0 
P Y Y 5 0  
P 4 Y 6 0  
P Y Y 7 0  
P4980 
P Y Y 9 0  
P q z e o  
P4500 
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TABLE D-3, (Continued) 
SUJHOUTINE LEBEGE 
“ P 4 5 1 0  
P 4 5 2 0  
P 4 5 3 0  
P 4 5 4 0  
P 4 5 5 0  
P 4 5 6 0  
P 9 5 7 0  
P 4 5 8 0  
P 4 6 0 0  
r ~ t s 9 0  
rq610 
P 4 6 2 0  
P 4 6 3 0  
P 4 6 6 0  
P 4 6 5 0  
P11670 
P Y 6 8 0  
P 4 6 9 0  
P Y 7 0 0  
P 4 7 2 0  
P 4 7  IO 
P Y 7 3 0  
P 4 7 4 0  
P 4 7 5 0  
P 4 7 6 0  
P 4 7 7 0  
P 4 7 9 0  
P Y 7 8 0  
P 4 8  IO 
P 4 8 0 0  
PY1130 
P 4 8 2 0  
i’4840 
P 4 8 7 0  
p4860 
P 4 8 8 0  
P Y 8 9 0  
P 4 9 0 0  
P 4 9 1 0  
P Y 9 3 0  
P Y 9 2 0  
P 4 9 4 0  
P 4 9 5 0  
P Y 9 4 0  
P 4 9 7 0  
P Y 9 9 0  
P 4 9 8 0  
PSOOO 
r46q0 
P ~ ~ S O  
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T A B U  D-3. (Continued) 




P 5 0 3 0  
P 5 0 4 0  
P 5 0 5 0  
P C 0 6 0  
PS070'  




P 5  1 2 0  
P 5 1 3 0  
PS 1'10 
P 5 1 5 0  
P 5  160 
p5170 
P S I  9 0  
P 5  I B O  
P 5 2 0 0 '  
P 5 2 1 0  
P 5 2 2 0  
P 5 2 3 0  
P52'10 
p5250 
P 5 2 6 0  
p5270 
p5280 
P 5 2 9 0  
P 5 3  10 
P 5 3 0 0  
P 5 3 2 0  
p5330 
P 5 3 4 0  
P 5 3 5 0  
P 5 3 6 0  
P 5 3 7 0  
P 5 3 8 0  
P5390 
P 5 4 0 0  
P 5 4 1 0  
P 5 4 2 0  
p5yy0 
P 5 4 5 0  
P5460 
p5470 
P 5 Y 8 0  
P 5 4 9 0  
P 5 5 0 0  
~ 5 4 3 0  
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TABLE D-3. (Continued) 
SUdHOUTINE  LEBEUE 
. . .  
I 2 6  
C 
c 
I 2 7  
" 
XK2Z=-XK I I 
XD22=XDI 1 ~ 
G O  T O  1 2 9  
I F  l I TYPE.EQ.2 )  G O  T O - 1 2 8  
P 5 5   1 0  
P 5 5 2 0  
P 5 5 3 0  
P 5 5 4 0  
P 6 5 5 0  
P 5 5 6 0  
P 5 5 7 0  
p5580 
P 5 5 9 0  
P 5 6 0 0  
P t j 6   1 0  
P 5 6 2 0  
P 5 6 4 0  
P 5 6 5 0  
P 5 6 7 0  
P 5 6 8 0  
p5690 
P 5 7 0 0  
P 5 7 1 0  
p5720 
P 5 7 3 0  
P 5 7 4 0  
P 5 7 5 0  
P 5 7 7 0  
P 5 7 6 0  
P 5 7 8 0  
P 5 7 9 0  
P 5 8 0 0  
P 5 B   1 0  
P 5 t l 3 0  
P 5 8 2 0  
P 5 8 4 0  
P 5 8 5 0  
P 5 8 6 0  
P 5 8 7 0  
P 5 8 8 0  
P 5 8 9 0  
P 5 9 0 0  
P 5 9 1 0  
P 5 9 2 0  
P S Y Y O  
P 5 9 3 0  
P 5 9 6 0  
P 5 9 5 0  
P 5 9 7 0  
P 5 9 8 0  
P59.90 
PbOOO 
~ 5 6 3 0  
~ 5 6 6 0  
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.. 
TABLE D-3. . .(Continued) 
SUbHOUT 1 NE LEREGE 
-130  H I = S T ( 2 * L L l  
T = S T I 3 1 L L )  
T E M P l ~ Z - O * E T H E T * H I  
T E M P Z ~ ~ I I * ~ 4 ~ 0 * H I ~ ~ 2 + 6 ~ 0 * H I * ~ + 3 ~ 0 * ~ ~ ~ 2 1  
TEMPJ l  I I .O-XNUPT*XNUTP) 
X K l I n T E M P I / T E M P 3  
X D 1 I = E T H E T * T E M P Z / i 6 . n . T E n P 3 )  
I F  I ITYPE.EQ.21 G O  T O  131 
XK22=XK I 1  
XOZZ=XDl  I 
G O  T O  1 3 2  
XKZ2=TEVPI /TEMP3 
1 3 1  T E M P I ~ 2 . O * E P H I * I i I  
X D 2 2 ~ E P l i I * T E H P 2 / ~ 6 ~ O * T E M P 3 l  
132   XK33rZ . i J *XGPT*HI  
X D 3 3 ~ X K 3 3 * T E M P 2 / ( 1 2 . O . H I )  
G O  T O  1 3 9  
C UNEQUAL  SHEETS 
133 H l = S T ( 2 s L L l  
T = S T l 3 , L L r  .. ' - 
H O = S T l 9 s L L )  
TEMPI=HI+dO 
T E M P Z = T E M P I * * 4 + I 2 . O * H I 4 ~ ~ * T * ~ T E M P I + T )  
X K I l = E T H E T * T E H P I / T E ~ P 3  
T E M P 3 = I I . O - X N U P T * X ~ U T P l  
X O I I ~ E T H E T * T E ~ P ~ / ~ 1 2 ~ O * T ~ l l P l * T E ~ P 3 ~  
I F  l ITYPE.EQ.21 G O  T O  139 
XKZZaXK I I 
XD22=XD11 
G O  T O  1 3 5  
134 ~ K Z Z = E P H l * T E M P L / T E t i P 3  
1 3 5  XK33=XGPT*TEMPI 
X O 2 2 = E P d I . * f E P l P 2 / (   I t . O * T E f I P I * T E I i P 3 1  
X D 3 3 ~ ~ G ~ T * ~ T E ~ P 2 / ~ l 2 ~ ~ * T E ~ P I l l  
G O  T O  1 3 9  
C RANKINaTHSTND MEANS INTERPoLATE;COHPUTE i4TEMPlMTEMP 
C 
C 
RANKINLNOTHRM HEANS D O  NOT iPJTEHPOLATE,OO NOT COMPUTE NTEHPiNTEMP 
RANKIN=THCNST MEANS D O  N O T  INTERPDLATE~COHPUTE NTEMP,MTEMP 
C RANKIrJ=THlNHO MEANS IMTERPOLATE,BUT 00 NUT  COMPUTE N T E H P ~ H T L M P '  
. .  . 
136 CONTINUE 
X K l l = S T I Z , L L I  
X K I Z = S T l 3 , L L l  
X K Z t = S T I ' i , L L I  
X K 3 3 = S T ( S s L L I  
- x 0  12=!51ri l  ,LL I 
I D I I = S T ( 6 , L L I  
X D 2 2 = S T ( 8 , L L l  
X D 3 3 = S T l 9 s L L )  
. - . - . . - - .. - - - - . - . . . . 
. -. . X C I I = S T ( I O , L L )  . . .  
X-K> 1 <X-K 1.2 .. . . _  . - . - ." - "" " __ .. 
P 6 0  10 




P 6 0 5 0  
P 6 0 7 0  
' .P6080  
P 6 0 9 0  
P 6  100 
P 6 1 1 0  
P 6 1 2 0  
P 6  130 
P 6 1 4 0  
P 6 1 5 0  
P 6   1 6 0  
P 6 1 7 0  
p1180 
P 6 1 9 0  
P 6 2 1 0  
P 6 2 2 0  
P 6 2 3 0  
P 6 2 4 0  
P6250 
I P 6 2 6 0  
P 6 2 7 0  
P 6 2 8 0  
P 6 2 9 0  
P 6 3 0 0  
p6310 
P 6 3 2 0  
P 6 3 3 0  
P 6 3 4 0  
' P 6 3 5 0  
P 6 3 6 0  
P 6 3 7 0  
. P 6 3 8 0  
P 6 3 9 0  
P 6 9 0 0  




P 6 4 6 0  
P 6 4 6 0  
P 6 4 7 0  
P 6 4 6 0  
p64v0 
P 6 5 0 0  
P6200 
. - - ". -. . 
TABLE D-3. (Continued) 
.. . . 
P 6 5  10 
P 6 5 2 0  
P6530 
P 6 5 4 0  
P 6 5 5 0  
P 6 5 6 0  
P 6 5 7 0  
P 6 5 6 0  
P 6 5 9 0  
P 6 6 0 0  
P66 IO 
P 6 6 2 0  
P 6 6 3 0  
P66YO. 
P 6 6 5 0  
P 6 6 6 0  
P 6 6 7 0  
P 6 6 6 0  
P 6 6 9 0  
P 6 7 0 0  
P 6 7 2 0  
P67 IO 
P 6 7 3 0  
p67y0 
P 6 7 5 0  
P 6 7 6 0  
P 6 7 7 0  
P 6 7 8 0  
P 6 7 9 0  
P 6 8 0 0  
p6810 
P a 8 2 0  
p6830 
P ~ ~ Y O  
P 6 8 5 0  
P 6 6 6 0  
P 6 8 7 0  
p1060 
P 6 8 9 0  
P 6 9 1 0  
P 6 9 0 0  
P 6 9 2 0  
Pb 9 3.0". 
P69'10 
P6950 
P 6 9 6 0  
P 6 9 7 0  
P 6 9 6 0  
P 7 0 0 0  
P699.P.- 
313 




















































TABLE D-3. (Conttnued) 
SUoRUUT I N E  LEBEGE 
1 5 2  CONTINUE .. . -~ .~ L L-oo E. ._ . ," .. . - "- - 
I 
. . 
P 7 5 1 0  
P 7 5 2 0  
6'7530 
P75110 
P 7 5 5 0  
P 7 5 6 0  
P 7 5 7 0  
P 7 5 8 0  
P 7 6 0 0  
p7610 
P 7 6 2 0  
P 7 6 3 0  
P 7 4 4 0  
P 7 6 5 0  
P 7 6 6 0  
P 7 6 7 0  
P 7 6 9 0  
P 7 6 8 0  
P 7 7 2 0  
P 7 7 1 0  
P7 7 30 
P 7 7 Y 0  
P7750 
P 7 7 6 0  
P 7 7 7 0  
P 7 7 8 0  
P 7 7 9 0  
P 7 8 0 0  
P 7 8 1 0  
P 7 8 2 0  
P 7 8 3 0  
P 7 8 4 0  
P 7 8 5 0  
P 7 8 b 0  
P 7 8 7 0  
. P 7 8 8 0  
P 7 8 9 0  
P 7 9 0 0  
P 7 9 1 0  
C7920 
P 7 9 3 0  
P 7 9 4 0  
P 7 9 5 0  
P7V70 
P 7 9 6 0  
C 7 9 9 0  
P 7 9 8 0  
PBUOQ 
I -  I . .  . , .  I ,' ., P 7 5 9 0  
. ~ 7 i o o  
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TABLE D-3. (Continued) 
N E R R O Y = 3  
. G O  TO 1 9 2  
N E R R O R = ~  
I 6 9  IERHOi?=8087 
165 IEHROR=A9B8 
GO T O  182 
N E R H O R = Z 7  
GO T O  1 8 2  
166 I E R R O R = a 9 8 9  
N E R R O R = 5  
G O  TO 1 8 2  
167 I E R R O H = 8 9 9 0  
G O  T O  102 
N E R H O R = 6  
NERROR- 16 
G O  T O  1 8 2  
NERROt?= 17 
G O  T O  I02 
I68 IEHHOR=B067 
1.69 I E R R O R = O  IO1 
170 IERROH-8132 
rJERHOR=l6 
G O  T O  let 
1 7 1  I E R H O R = 0 1 0 3  
N E R R O R = l P  
G O  r u  182 
1 7 2  I E R H O f l = H I O S  
NERROH=Zr) 
G O  T O  I92 
NERRORIP I 
1 7 3  IERHOR=8105 
. G O  T O  1 8 2  
1 7 9  I E R R O H = 8 1 0 6  
N E R R O H = 2 2  
175 IERROH=R107 
G O  T O  1 8 2  
N E R R O H = Z 3  
GO T O  1 8 2  
176  IERHOX=8108 
NERROK829 
G O  T O  I82 
177  fERHOR=8IO 
NERHOR-25 
G O  T O  la.? 
N E R R O R = 2 6  
1 7 8  I E R H O R = B I I  
1 7 9  I E R R O R = 8 0 1  
G O  T O  182 
NERHOR.7 
G O  T O  182 
. -. . . -. 
SUUROUTINE LEBEGE 
Pi4010 
P 0 0 2 0  
Pi4030 
p a 0 9 0  
Pi4050 
P a 0 6 0  
PY070 
p80a0 





P e l  '10 
P 8 1 6 0  
P 0  150 
P 8  I70 
P(I I 8 0  
P B Z O O  
P B t l O  
P 8 2 2 0  
P a 2 3 0  
P829.0 
' P825.0 
P 8 2 6 0  
p a 2 7 0  
P 8 2 8 0  
. . p a 2 9 0  
PU300 
P 8 3 1 0  
Pi4320 
P 8 3 9 0  
P 8 3 3 0  
P(13SO 
P 8 3 6 0  
P 8 3 7 0  
P 8 3 8 0  
P 8 3 9 0  
Pi4900 
P 8 4 1 0  
P 8 9 2 0  
PM't30 
p a 9 4 0  
P a 4 6 0  
P a 9 5 0  
P 8 9 7 0  
P a 4 8 0  
P 8 5 0 0  
pa 1 SO" 
- ,  . . . - .  . - - - " - .. . . "P?.'1?0. 
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I I. I 
'TABLE D-3. (Concluded) 
SUtlROUTINE  LEBEGE 
1ERROR=8797 
NERROR=34 
, GO T O  182 
NERH01?=35 
G O  T O  1 3 2  
180 I E R R O R = 5 5 J I  
C THE  HUBER V O H  MISSES STRESS  YQUATIONS 
1 8 1  CALL OUTPUT I K L U E . Y C O R R I E ~ . . E S . A L P H R , A L P H S , Z  INTH.ZOUT 
P 8 5  10 








P 8 6 0 0  
P 8 6 1 0  
P 8 6 2 0  
P a 6 3 0  
P 8 6 5 0  
P 8 6 7 0  
P a 6 6 0  
P 8 6 0 0  
P a 6 9 0  
P 8 7 1 0  
P 8 7 0 0  
P 8 7 3 0  
P 8 7 2 0  
P a 7 5 0  
P a 7 4 0  
? a 7 6 0  
P a 7 7 0  
P 8 7 0 0  
. P 8 8 0 0 -  
P 8 7 9 0  
p a 6 4 0  
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